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Instruetions to Authors 


1. Prior Publication 


| Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 


of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang” 


be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (6) bibliography, (e) foot- 
notes, (d) legends for figures, (e) tables, (Y other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
The title page should carry the title of the paper, the authorship, and the 
institution or laboratory of origin. 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (e) Results, (d) Discussion, (e) Sum- 
mary, ( Bibliography. The approximate location of the tables and figures in 

the taxt should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(6) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 


— 
from standard nomenclature and all arbitrary abbreviations should be explained. 
_ The forms of spelling and abbreviation used in current issues of the Journal should 
3. Title 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experifental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 


* 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 

rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
— — — Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 43 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 


has type, should be employed (X, O, o, QO, . A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 
Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 


Editorial Office will gladly supply specific information. 
It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 8} by 11 inches in size. Large size drawings or those much smaller than 
Dn should de indicated DY drawn With ins ments. signincance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 

—— 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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TETRAPYRROLE PRECURSORS OF PROTOPORPHYRIN IX* 
I. UROPORPHYRIN III 


Br KURT SALOMON, JONAS E. RICHMOND, ann KURT I. ALTMAN 


(From the Departments of Radiation Biology and Biochemistry, The University of 
Rochester School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, November 26, 1951) 
Recent work on the biosynthesis of protoporphyrin, carried out in various 


_ laboratories (1-5), has led to the suggestion that uroporphyrin III might 


be a precursor of the protoporphyrin molecule. However, no experimental 
evidence has yet been advanced to substantiate such a postulate. The 
paper to be reported presents conclusive proof that uroporphyrin III is a 
precursor of protoporphyrin IX. 
EXPERIMENTAL 
Preparation of Carrier Uroporphyrin 

In order to demonstrate whether uroporphyrin III may be converted to 
protoporphyrin IX in a suitable biological system, it was thought necessary 
to prepare C-labeled uroporphyrin III. Since the introduction of Ci“ 
into the uroporphyrin molecule by chemical synthesis is impractical, bio- 
synthetic methods were used. To this end the porphyrins of the bio- 
logical system in question were labeled by supplying C**-a-labeled glycine.' 
Workable quantities of uroporphyrin thus labeled were then isolated by 
washing out the uroporphyrin formed with carrier uroporphyrin. Since 
Rimington (6) and Nicholas and Rimington (7) have shown unequivo- 
cally that the red pigment present in the wing feathers of turacou birds is 
copper uroporphyrin III, turacou bird feathers? were used as the source 
of uroporphyrin III. 

The preparation of uroporphyrin was carried out essentially according 
to the method of Rimington (6). In addition, the uroporphyrin octa- 
methyl ester was chromatographed on aluminum oxide (8) and rechromato- 
graphed on calcium carbonate (9, 10) in order to assure chromatographic 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 
Rochester, New York. 

1 We are indebted to the Isotopes Branch, United States Atomic Energy Com- 
mission, Oak Ridge National Laboratory, Oak Ridge, Tennessee, for supplying the 
a-C'-glycine (Ci activity, 11.36 we. per mg. of glycine) used in these experiments. 

* We wish to thank Dr. William Serle, Kumba, British Cameroons, West Africa, 
for a generous gift of wing feathers of turacou birds. 


— 
ͤ 


464 PRECURSORS OF PROTOPORPHYRIN IX. I 


homogeneity of the final product. The uroporphyrin octamethyl ester 
thus obtained was converted to potassium uroporphyrinate according to 
Fischer and von Holt (11). This preparation was used as a carrier without 
further purification in the experiments to be described. 


Preparation of Labeled Uroporphyrin 

Several approaches to the biosynthesis of labeled uroporphyrin were 
explored with the aim of obtaining a uroporphyrin preparation of suffi- 
ciently high CM activity to permit the demonstration of conversion of 
uroporphyrin to protoporphyrin. 

The method of preparing labeled uroporphyrin found most successful 
was one in which a-C"-labeled glycine was administered to two rabbits by 
intraperitoneal injection and uroporphyrin subsequently isolated from the 
bone marrow of these animals. Rabbit 1, weighing 6? pounds, was injected 
with 85 yc. of a-C"-labeled glycine dissolved in 1 ml. of saline and was 
sacrificed 8 hours later. Rabbit 2, weighing 5 pounds, was injected with 
a total of 258 he. of a-C-labeled glycine over a period of 9 days and was 
sacrificed 48 hours after the last injection. The bone marrow of both 
rabbits was removed from the long bones and pooled, yielding 19.5 gm. of 
marrow. The marrow was suspended in 50 ml. of water and homogenized 
in a Waring blendor. It was then brought to pH 3.5 by adding 0.01 & 
hydrochloric acid. 1.8 mg. of pure potassium uroporphyrinate were then 
added and the resulting mixture was centrifuged at 4°. After centrifuga- 
tion the fats were removed from the surface and the liquid layer pipetted 
off. The fats and the remaining precipitate were recombined and washed 
with 50 ml. of a hydrochloric acid solution of pH 3.0. The washings were 
then combined with the original liquid layer and three 20 gm. portions of 
talcum were added in order to adsorb the porphyrins. The talcum adsorb- 
ates were thrown down by centrifugation, combined, and dried in a vacuum 
desiccator. Elution of the porphyrins was accomplished by the addition 
of four 100 ml. portions of methyl alcohol saturated with gaseous hydro- 
chloric acid, the successive elutions having been carried out by continuous 
stirring of the talcum adsorbate with the eluting solvent for 2 hours, 4 
hours, 1 day, and a 2nd day respectively. After the addition of 3 volumes 
of water to the eluate, the porphyrins were extracted with three 50 ml. 
portions of chloroform. The chloroform layers were combined and washed 
three times with 300 ml. of water and two portions of 50 ml. of 5 per cent 
ammonium hydroxide. At this point it was necessary to centrifuge in 
order to break the emulsion which had formed. Solid material at the 
water-chloroform interphase was separated from the liquid and washed 
with 20 ml. of chloroform. This washing was combined with the original 
chloroform solution and the chloroform solutions were washed again with 
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three 200 ml. portions of water. After distilling off the solvent in vacuo, 
the residue was dissolved in 5 ml. of chloroform-petroleum ether, 1:1. 
This solution was chromatographed according to the procedure of Grin- 
stein, Schwartz, and Watson (9). The uroporphyrin band was cut out 
from the chromatogram thus obtained. This uroporphyrin fraction was re- 
chromatographed three times with petroleum ether-chloroform, 1:1. The 
material was then taken to dryness in vacuo and recrystallized three times 
from chloroform-ligroin. This uroporphyrin octamethyl ester had a molar 
extinction coefficient (in dioxane) of 1.56 X 10* at 499 my, which com- 
pares well with the two values reported by Stern and Wenderlein (12), 
namely 1.57 X 10‘ and 1.53 X 10°. A yield of 1.6 mg. of pure product 
was obtained, with an activity of 72 c.p.m. per mg. 

A less successful approach to the preparation of labeled uroporphyrin 
was the use of bone marrow homogenates. Two experiments were carried 
out by the technique described previously (13, 14). In the first experi- 
ment, 21 gm. of fresh bone marrow homogenate were incubated with 20 yc. 
of glycine for a period of 2 hours. At the end of the incubation period, 
1.8 mg. in terms of pure potassium uroporphyrinate were added and uro- 
porphyrin isolated as described above. The yield of pure uroporphyrin 
was 1.5 mg.; 1 mg. of this preparation showed an activity of 7 c.p.m. In 
the second experiment, 26 gm. of fresh bone marrow homogenate were 
incubated with 23 ye. of a-C™-labeled glycine for 24 hours. In this in- 
stance, 2.2 mg. in terms of pure potassium uroporphyrinate were added 
to the mixture before incubation was begun. Pure uroporphyrin with a 
yield of 1.8 mg. and a CM activity of 5 c.p.m. per mg. was obtained. It 
is evident from the C activities of the uroporphyrin preparations resulting 
from this procedure in vitro that this approach is unsatisfactory for the 
demonstration of conversion of uroporphyrin to protoporphyrin. 


Conversion of Uroporphyrin III to Protoporphyrin 1X 

1.2 mg. of pure potassium uroporphyrinate labeled with CM were incu- 
bated with 125 ml. of a bone marrow suspension of the following compo- 
sition, containing 15 gm. of bone marrow: bone marrow Ringer’s solu- 
tion (15), 75 ml.; 0.08 M phosphate buffer, pH 7.3, 45 ml.; 0.32 M glycine, 
2 ml.; 0.16 m sodium acetate, 2 ml.; 2 mg. of streptomycin, dissolved in 
water, 0.5 ml.; 2 mg. of penicillin, dissolved in water, 0.5 ml. 

In this particular instance it was thought advantageous to use intact 
marrow cells because of their presumably higher biosynthetic activity, 
which might favor conversion of uroporphyrin to protoporphyrin. The 
bone marrow suspension was incubated for 20 hours in two large modified 
Warburg vessels of the type used in previous work (15). The vessel con- 
tents were then pooled and the bone marrow cells lyzed by the addition of 
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3 volumes of water. The lysate was chilled by standing overnight at 4°. 
Since in this particular case the primary aim was the isolation of proto- 
porphyrin, a procedure for the preparation of protoporphyrin from hemo- 
globin was used, as described previously (16). The first chromatogram 
showed two red-colored bands, the usual protoporphyrin band, and a 
second red-colored band which was identified spectrophotometrically as 
uroporphyrin. 

The protoporphyrin fraction was first rechromatographed on calcium 
carbonate with petroleum ether-chloroform, 1:1, in order to remove any 
traces of uroporphyrin, but no uroporphyrin was detected. Further chro- 
matography on calcium carbonate with benzene-chloroform, 9:1, as solvent 
was then carried out. The protoporphyrin IX dimethyl ester finally puri- 
fied by three recrystallizations from chloroform-ligroin had a purity of 
96 per cent as determined spectrophotometrically. The CM activity of 
this preparation was 20 c.p.m. per mg. and the yield obtained was 2.2 mg. 
From these data it can be calculated that 52 per cent of the uroporphyrin 
added to the cell suspension has been converted to protoporphyrin with 
an RIC* value of 0.2. 

The second red band of the initial chromatogram was first rechromato- 
graphed on calcium carbonate with benzene-chloroform, 9:1, in order to 
remove any protoporphyrin contaminating this fraction, and then rechro- 
matographed three times as described above for the isolation of uropor- 
phyrin. Spectrophotometric investigation revealed that the material was 
uroporphyrin octamethyl ester of 99 per cent purity. No detectable Ci 
activity was present in this sample, whose yield was approximately 300 +. 

Measurements of CM Activity 


Ci activity was measured with a windowless Q gas counter. A suffi- 
cient number of counts was made to give a probable error of not more than 
3 per cent. The mean background was 14.5 c. p.m. The CM activity of 
the compounds was measured by placing the substances in question on a 
copper disk as an infinitely thin layer. 


DISCUSSION 


The data presented above demonstrate clearly that a significant conver- 
sion of uroporphyrin to protoporphyrin has occurred in the system studied. 
It would appear from the data that uroporphyrin was the main source of 
protoporphyrin. A reflection upon the biosynthetic capacity of the system 
employed reveals, however, that a synthesis from other precursors, such 
as glycine and acetate, via a different synthetic route might be possible. 


molar Ci activity of compound isolated 


3 
RIC = 


Ü 
— defined by Anker (17)). 
molar Ci activity of compound added 22523 — 
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Such a possibility must be considered seriously because the quantity of 
uroporphyrin added was very large in comparison with the amount of proto- 
porphyrin that could conceivably be formed from other sources. The 
foregoing considerations explain to a large extent the high value of the 
RIC (17) calculated for this process, since for all practical purposes por- 
phyrin synthesis from sources other than uroporphyrin was negligible. 
Independent hemoglobin determinations in bone marrow homogenates‘ in- 
dicate that the amount of uroporphyrin added to the bone marrow sus- 
pension is approximately equivalent to the amount of protoporphyrin 
present in hemoglobin contained in the marrow at the start of the experi- 
ment. Such considerations are by. necessity of a qualitative nature. 

It should be noted that about 50 per cent of the Ci“ activity added as 
uroporphyrin was recovered in the protoporphyrin fraction isolated at the 
end of the experiment. This, together with the finding that uroporphyrin 
had lost most of its activity at the end of the experiment, is indicative of 
an active metabolization of uroporphyrin, with protoporphyrin formation 
as a major metabolic pathway. 

Although it has been shown that uroporphyrin occurs in the bone marrow 
of porphyria patients (18, 19) and of cattle afflicted with ochronosis (20), 
concrete evidence of the existence of uroporphyrin in non-pathological 
bone marrow has been lacking. The experiments reported in this paper 
give definite proof of the presence of this porphyrin in normal rabbit 
marrow. 

The behavior of the bone marrow homogenate employed in the second 
preparation warrants some further discussion. It is apparent from the 
data given that the time of addition of uroporphyrin is inconsequential as 
regards attainment of significant levels of C concentration in uropor- 
phyrin. It may be inferred from these observations that the size of the 
uroporphyrin pool is small. It is also apparent from the amount of uro- 
porphyrin recovered at the end of the experiment that uroporphyrin is 
relatively stable during the 2} hour incubation period. The failure to 
obtain uroporphyrin preparations with significant levels of isotope con- 
centrations may be attributable to two possible causes. It is first of all 
conceivable that, although uroporphyrin may be synthesized from glycine 
and may be converted to protoporphyrin, uroporphyrin is not the major 
pathway for the incorporation of glycine into protoporphyrin. Secondly, 
the possibility exists that the uroporphyrin added to the homogenate was 
not in equilibrium with the uroporphyrin formed, the newly formed uro 
porphyrin having been tightly bound to a specific or non-specific bone 
marrow protein. Some evidence which may support the latter possibility 
should be cited. In the course of isolation of uroporphyrin from the bone 


Altman, K. I., and Richmond, J. E., unpublished experiments. 
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marrow suspension, it was observed that uroporphyrin precipitated with 


the 
the 


1 


protein fraction and that no free uroporphyrin could be detected in 
supernatant, which is expected to dissolve uroporphyrin. 


SUMMARY 
. The preparation of C-labeled uroporphyrin has been described. 


2. Conversion of uroporphyrin to protoporphyrin in bone marrow sus- 
pension to the extent of 52 per cent has been demonstrated. 

3. The occurrence of uroporphyrin as a natural constituent of normal 
rabbit bone marrow has been established. 
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THE METABOLISM OF RING-LABELED HISTAMINE* 
By RICHARD W. SCHAYER 


Wirn THe Tecunicau Assistance or Rosa L. SmILey 
(From the Rheumatic Fever Research Institute, Northwestern University Medical School, 
Chicago, Illinois) 
(Received for publication, December 3, 1951) 

Previous studies on the fate of histamine in the mammalian organism 
have shown that the substance can be rapidly inactivated (1), although 
some free histamine may be excreted in the urine, the amount depending 
on the species (2). The disruption in vivo of the imidazole ring of histamine 
has not been established nor has an accounting been made of all adminis- 
tered histamine in terms of known metabolic products. Acetylhistamine 
and imidazole-4(5)-acetic acid are the only histamine metabolites to have 
been definitely identified in urine. Acetylhistamine seems to be normally 
present in the urine of rats and carnivores (2, 3), but, as it can be synthe- 
sized by intestinal bacteria from histamine arising from dietary histidine 
(4), its importance in the inactivation of histamine by the mammalian 
organism has not been evaluated. Imidazole-4(5)-acetic acid, formed in 
vitro from histamine via imidazole-4(5)-acetaldehyde by the action of the 
enzyme histaminase (diamine oxidase) (5), has been isolated from the urine 


of rats injected intraperitoneally with histamine.' However, since the 


quantities of histamine administered were necessarily large, the importance 
of this route of inactivation under normal conditions is uncertain. 

The present study utilizes radioactive histamine of high specific activity, 
permitting observations based on physiological concentrations administered 
into the blood stream. These experiments take no account of histamine 
metabolism which normally occurs in the intestine. They are designed 
to simulate the liberation of histamine by the mammalian organism and 
to trace the fate from this source only. 


EXPERIMENTAL AND RESULTS 
Histamine-2-C"*-imidazole syn- 
thesis, involving enzymic decarboxylation of synthetic L-histidine-2-C"- 
imidazole and isolation as histamine dipicrate, has been presented (6). 
The identity and purity of the radioactive histamine were established by 
* This investigation was supported in part by «a contract with the United States 
Atomic Energy Commission. Radioactive barium carbonate used in the synthesis 
of histamine was obtained on allocation by the Isotopes Division, United States 


Atomic Energy Commission. 
‘Mehler, A., Tabor, H., and Bauer, H., personal communication. 
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melting point, analysis, paper chromatography, and pharmacological ac- 
tivity. The radioactivity was 9.3 X 10% c.p.m. per mg. of histamine base. 
For biological studies histamine dipicrate was dissolved in 0.15 N hydro- 
chloric acid, the picric acid removed by ether extraction, and the solution 
of histamine dihydrochloride neutralized with sodium bicarbonate just be- 
fore administration to animals. 

Formation of Carbon Dioxide—Three rats were injected intravenously 
and one guinea pig was injected subcutaneously with C"-histamine. For 
6 hours following administration the expired carbon dioxide was collected 
in alkali, then precipitated as barium carbonate, and counted. At a level 
of 0.10 y of C'*-histamine per gm. of body weight there was no detectable 
activity in the expired carbon dioxide of two rats and one guinea pig. One 
rat injected with 0.90 Y of C-histamine per gm. of body weight had meas- 
urable radioactivity in the carbon dioxide amounting to 0.3 per cent of the 
total. The absence of significant radioactivity from the expired carbon 
dioxide suggests that either the imidazole ring of histamine is stable, or, 
if broken, the 2 carbon of the ring does not pass into a labile fragment capa- 
ble of being oxidized to carbon dioxide. 

Excretion of C in Urine—To study the excretion of CM in urine with 
respect to time, male rats weighing 120 to 220 gm. were each injected 
intravenously with 6.6 y of CWM. histamine. Urine, including the bladder 
contents, was collected quantitatively for various periods, the pooled urine 
of two rats being used for each time interval. Urine was assayed for radio- 
activity by direct plating and corrected for thickness by means of an ex- 
perimentally derived curve. It was found that 95 to 97 per cent of the in- 
jected radioactivity could be found in the urine after 20 to 24 hours. This 
provides further evidence that the imidazole ring of histamine suffers 
no profound destruction. 

Chromatography of Urine—Six male rats, 185 gm. average weight, were 
injected intravenously with 0.10 y of C- histamine per gm. of body weight. 
After 4 hours the animals were killed and the bladder contents added to the 
voided urine. A volume of the combined urines containing roughly 0.1 7 
of radioactive substances was used for each chromatogram. When hy- 
drolysis was required, it was effected by heating an aliquot of urine for 1 
hour in a boiling water bath under an atmosphere of nitrogen with sufficient 
concentrated hydrochloric acid to give a 2.5 & solution. The hydrolyzed 
urine was evaporated to complete dryness in vacuo and redissolved in water. 
The most satisfactory chromatographic solvent of several tested was a 
solution of 80 ml. of n-butanol, 10 ml. of 95 per cent ethanol, and 30 ml. of 
concentrated ammonium hydroxide (7); it was used in all chromatograms 
presented in this study. Chromatograms of rat urine are shown in Figs. 
1 and 2. 

Four male guinea pigs, 330 gm. average weight, were injected by heart 


* ¥ 


<= @ 


— 


R. W. SCHAYER 471 


puncture with 0.10 y of C™-histamine per gm. of body weight. Voided 
urine was collected for 5 hours. A chromatogram of the combined guinea 
pig urines is shown in Fig. 3. 

Seven male mice, 35 gm. average weight, were injected intravenously 
with 0.10 y of C'-histamine per gm. of body weight. A chromatogram of 
the combined urines is shown in Fig. 4. 

All chromatograms were cut into 1 cm. segments, which were counted in 
a flow counter and corrected for background only. 

The chromatogram of rat urine, Fig. 1, indicates the presence of three 
radioactive peaks representing at least three histamine metabolites. Peak 
1 is an unidentified substance (or substances). It is not due to imidazole- 
acetic acid, for isotope dilution experiments (Table I) show that this sub- 
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Fig. 1. Radioactivity on paper chromatogram of rat urine. 
Fic. 2. Radioactivity on paper chromatogram of hydrolyzed rat urine. 


stance can account for a maximum of 2 per cent of the total radioactivity, 
and may be entirely absent. Peak 2, despite the low count, seems, by its 
persistence after a very long counting time and by its appearance at ap- 
proximately the same position in several chromatograms, to be a definite, 
but minor unidentified metabolite. Peak 3 is evidently a combination of 
histamine and acetylhistamine, as evidenced by its coincidence with added 
C*-histamine and its partial coincidence with the developed color of added 
non-isotopic acetylhistamine. The chromatogram of hydrolyzed rat urine, 
Fig. 2, indicates that, following acid hydrolysis, the pattern of the chro- 
matogram is not markedly changed. Thus it seems unlikely that the 
unidentified metabolites are conjugates, although it is possible that sub- 
stances liberated by hydrolysis might have the same R, value as the original 
conjugate. Other chromatographic solvents employed for resolving both 
whole and hydrolyzed urine gave no evidence for more than two major 
peaks in rat urine. 
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The chromatogram of guinea pig urine, Fig. 3, shows the presence of 
three radioactive peaks representing at least three histamine metabolites, 
Peak I is due mainly to an unidentified substance (or substances) and may 
be identical with the compound of Peak | in rat urine. Peak 2 is also un- 
identified and, although it is a major metabolite, it may be identical with 
the minor metabolite of rat urine which produces Peak 2. Peak 3 is largely 
histamine, as is evidenced by coincidence with added C"-histamine, but 
some acetylhistamine is also present. Following acid hydrolysis the pat- 
tern of the chromatogram was not markedly changed, suggesting absence 
of conjugates. Chromatograms of two urine samples after treatment with 
hydrogen peroxide and potassium permanganate, respectively, did not differ 
significantly from the original urine. Had Peak 2 been imidazole acetalde- 
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Fic. 3. Radioactivity on paper chromatogram of guinea pig urine. 

Fic. 4. Radioactivity on paper chromatogram of mouse urine. 


hyde or another readily oxidizable substance, it would be expected to 
diminish under this treatment. 

The chromatogram of mouse urine, Fig. 4, like the chromatograms of rat 
and guinea pig urine, shows the presence of three peaks located in approxi- 
mately the same positions as in the other species. However, since this 
chromatogram was somewhat smeared, no further experimentation was 
done on mouse urine. 

Isotope Dilution Assays for Urinary Constituents—Isotope dilution assays 
for histamine, acetylhistamine, imidazoleacetic acid, and imidazolecarbox- 
ylic acid? were performed on urine samples from rats and guinea pigs to 

* Histamine dihydrochloride was purchased from the Eastman Organic Chemicals 
Department. Acetylhistamine was obtained from the Farchan Research Labora- 
tories. A portion of the imidazoleacetic acid hydrochloride and the method for 
synthesis from cyanomethylimidazole were supplied by Dr. H. Tabor and Dr. H. 
Bauer of the National Institutes of Health, to whom the author is greatly indebted. 
Imidazoleacetic acid hydrochloride, synthesized in this laboratory, after one 
recrystallization from absolute alcohol had a melting point of 219-220°; picrate m. p. 
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which C-histamine had been administered. Some samples were from the 
same urine specimens used in the chromatography studies. In assays of 
whole urine an aliquot was evaporated to a small volume, carrier added 
and dissolved, alcohol added (except in the case of histamine, which was 
recrystallized as the dipicrate from water), the solution treated with Norit, 
filtered, an excess of picric acid in alcoholic solution added, and the result- 
ing crystalline picrates washed and counted. The picrates were recrystal- 
lized from alcohol, with Norit, until constant radioactivity was attained. 
In assays of hydrolyzed urine, carrier was first added to the whole urine 
and then hydrolysis performed as described under “Chromatography of 
urine.” In some cases, assays were repeated under more drastic hydrolysis 
conditions (boiling for 1 hour with an equal volume of concentrated hydro- 


I 
Results of Isotope Dilution Assays 
Per cent of total radioactivity excreted as 
No. of | Dose per Imidazoleacetic acid 
histamine | After 
hydrolysis hydrolysis 
7 
D 6 0.08 <2 <2 
„ 6 0.10 ll 4 <2 <2 
Guinea pig. 4 | 0.10 | 10 4 <1* | <5 | <3 


* After hydrolysis. 


chloric acid), but significantly different results were not found. The hy- 
drolyzed urines were evaporated to complete dryness in vacuo to remove 
hydrochloric acid and redissolved in a small amount of water, alcohol was 
added, then the samples were treated with Norit and alcoholic picric acid 
as described above for whole urine. 

In some cases before constant radioactivity was reached the amount of 
material became too small for further recrystallization. All such cases are 
reported as “less than” a certain percentage. This denotes a maximum 
amount and permits the possibility that the substance may be present in 
smaller amount or completely absent. Results of isotope dilution assays 
are shown in Table I. 

In contrast to histamine and acetylhistamine, the picrates of which 
attained constant radioactivity with two or three recrystallizations after 
addition to urine, the picrate of imidazoleacetic acid failed to become 
212-213°; literature values (10) 225-226° and 212-213°, respectively. Imidazolecar- 
boxylic acid was synthesized according to Pyman (11). 
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constant after as many as eleven recrystallizations. Although the com- 
pound was never freed completely of radioactivity, there is no evidence 
for its occurrence as a urinary excretory product of histamine. The maxi- 
mum possible value for imidazoleacetic acid in the urine of rats and guinea 
pigs, before and after hydrolysis, is given in Table I. Imidazolecarboxylic 
acid, although never proposed as a histamine metabolite, was tested in 
hydrolyzed guinea pig urine; its picrate dropped to a very low radioactivity 
in a few recrystallizations. Table I shows that the acetylation reaction 
is a minor mode of inactivation for histamine liberated within the body. 
The presence of free histamine is in agreement with other studies (2). As 
the sum of the known compounds constitutes only a small percentage of 
the total radioactivity of the urine, it appears that the major portion of the 
radioactivity is present as unidentified compounds. 

Solubility Studies of Urinary Metabolites—Samples of the combined urine 
of four guinea pigs given 0.10 y of C"-histamine per gm. of body weight? 
were extracted four times with amyl alcohol after being adjusted to acid 
(1 n with respect to hydrochloric acid), neutral (pH 7.0), and alkaline (1 n 
with respect to sodium hydroxide) conditions. From the basic solution 12 
per cent of the radioactivity is extractable by amyl alcohol. Under these 
conditions histamine is quantitatively extracted (8) and presumably acetyl- 
histamine also. The sum of these substances from isotope dilution assay 
was 14 per cent. From neutral and acid solutions, 6 and 3 per cent, re- 
spectively are extracted. The solubility pattern following hydrolysis was 
not materially altered, the percentages extracted from basic, neutral, and 
acid solution being 13, 5, and 2, respectively. 

DISCUSSION 

Evidence from isotope dilution and chromatographic experiments points 
to the existence of at least two major unidentified metabolites of histamine 
in guinea pig urine and one in rat urine. The non-extractability of these 
compounds from guinea pig urine by amyl alcohol from aqueous solutions 
at acid, neutral, and basic pH values suggests that, if the imidazole ring 
is unchanged, an acidic group is required in the side chain. Otherwise 
it would be expected that at least a portion of the compound would be ex- 
tractable by amyl alcohol from basic solution when there is no salt forma- 
tion by the imidazole nitrogen.“ However, the unknown compounds are 
neither imidazoleacetic acid nor imidazolecarboxylic acid. Furthermore, 
there is no evidence that the compounds are conjugates of histamine or 
any other substance. 

The guinea pig urine used in the solubility studies is from the same specimen 
that was used for chromatography and isotope dilution. 

‘ For example, 27 per cent of hydroxymethylimidazole was extractable from basic 
aqueous solution by amy! alcohol. 
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Thus it seems possible that there has been some reaction involving a 
change in the imidazole ring with the proviso that the compounds formed 
are sufficiently stable to be largely excreted in the urine and to form no 
carbon dioxide from carbon atom 2. Best and McHenry (9) have pre- 
sented evidence to suggest that inactivation of histamine may be effected 
by rupture of the imidazole ring. 

Since the unknown compounds may or may not be formed with the inter- 
mediation of imidazoleacetic acid, no conclusion regarding the importance 
of histaminase in the inactivation of histamine in vivo can be drawn from 
this work. 


SUMMARY 
Histamine labeled with Ci in the 2 position of the imidazole ring has been 
synthesized. An insignificant percentage of this carbon is converted to 
carbon dioxide in vivo, the radioactivity being almost entirely excreted in 
urine. Chromatographic, isotope dilution, and solubility experiments sug- 
gest that the major excretory products of histamine in urine of rats and 
guinea pigs are compounds which have undergone modification of the 
imidazole ring. 
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ON THE METABOLISM OF THE SULFATE GROUP OF 
CHONDROITINSULFURIC ACID 


By HARRY BOSTROM 
(From the Chemistry Department (Department II), Karolinska Institutet, 
Stockholm, Sweden) 


(Received for publication, December 26, 1951) 


The problems concerning the distribution and excretion of S** after the 
administration of sodium sulfate labeled with this isotope have been 
dealt with by different groups of authors (1-4). Dziewiatkowski et al. 
(5) found a very high uptake of S* in the cartilage of 7 day-old suckling 
rats after intraperitoneal administration of S**-labeled sodium sulfate and 
suggested that the sulfate was incorporated mainly into the chondroitin 
sulfate of the cartilage. In a later report Dziewiatkowski (6) made an 
attempt to isolate this labeled chondroitin sulfate from the cartilage after 
adding large amounts of non-labeled chondroitin sulfate as carrier.“ 

Since chondroitinsulfuric acid can be isolated even from small amounts 
of cartilage in amounts sufficient for identification and measurement of 
radioactivity, we have isolated the chondroitinsulfuric acid from S*- 
labeled cartilage of ribs from adult rats and followed the uptake and 
elimination of S*5-labeled sulfate in the chondroitin sulfate during a longer 
period of time. 

EXPERIMENTAL 


Nine groups of adult white rats, each group comprising twenty rats 
weighing 250 to 300 gm., were injected intraperitoneally with 1.5 mg. 
of S**-labeled Na,SO, in 0.5 ml. (3.5 X 10 c.p.m. per sq. cm. measured 
as BaSO, at infinite thickness). The groups of animals were killed at 
different times, the first group after 2 hours, the last one after 16 days. 
The blood of all the animals in a single group was pooled, and likewise 
the ribs with intercostal muscles. The material thus obtained was handled 
in the following way. 

The total sulfur of the blood was transformed into sulfate by a method 
similar to that used by Dziewiatkowski (3). The animals were killed by 
decapitation and the blood from each group was collected in a weighed 
500 ml. Erlenmeyer flask containing a known weight (about 250 ml.) of 
10 per cent NaOH. The mixture was heated on a boiling water bath 
overnight, and a 10 to 12 gm. portion of the solution was weighed into a 
nickel crucible and mixed with 8 to 10 gm. of anhydrous sodium carbonate. 
After being dried in an oven at 110-120°, the material was oxidized with 
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sodium peroxide according to Bailey (7). The sulfate was then pre- 
cipitated as BaSQ,. 

Chondroitinsulfuric acid was prepared from the cartilage of the ribs 
by applying the method of Jorpes (8) as modified by Strandberg (9). 
After removal from the ribs the cartilage was put into boiling water for 
5 minutes and then freed of muscle and connective tissue, dried in absolute 
alcohol, and ground to a fine powder in a mortar. About 3 gm. of this 
powder, obtained from each group, were added to a beaker containing 60 
ml. of boiling water and allowed to boil for 15 minutes. The suspension 
was cooled to 5° and 10 per cent NaOH was added to a final concentration 
of 2 per cent. The mixture was shaken for 16 hours at 0-5 in an 80 ml. 
centrifuge tube; 10 per cent acetic acid was then added to pH 6 and the 
mixture was centrifuged. The precipitate, which had a volume of about 
5 ml., was washed once with 50 ml. of distilled water and the original 
supernatant and washings were combined and concentrated in vacuo to 
a thin syrup. This syrup was centrifuged at high speed in a Servall 
centrifuge (about 12,000 r.p.m.). The clear supernatant was precipitated 
with 3 volumes of alcohol and the precipitate washed four times with 
80 per cent alcohol. After most of the alcohol had been evaporated, the 
precipitate was dissolved in distilled water to a thick syrup and repre- 
cipitated with 8 volumes of glacial acetic acid. After 2 hours the pre- 
cipitate was collected by centrifugation and washed once with glacial 
acetic acid and then with absolute alcohol until no odor of acetic acid 
remained. The precipitate was again dissolved in 10 ml. of distilled water 
and the pH of the solution was adjusted to 5 to 6 with sodium carbonate. 
After another centrifugation at high speed in the Servall centrifuge the 
clear solution was thoroughly dialyzed against distilled water. Kaolin 
was added to a 4 per cent suspension, and the mixture was stirred for 
15 minutes and allowed to settle. The kaolin was removed by means of 
centrifugation in the Servall centrifuge and the clear supernatant was 
concentrated to a thin syrup in vacuo. A turbidity caused by kaolin was 
eliminated by another centrifugation in the Servall centrifuge and the 
sodium salt of chondroitinsulfurie acid was precipitated with 3 volumes of 
alcohol in the presence of sodium chloride. The sample was dried with 
alcohol and ether; the yield was 100 to 120 mg. 

80 mg. of each of the nine different preparations of chondroitinsulfuric 
acid were hydrolyzed with 6 N HCl for 4 hours in a boiling water bath, 
and the sulfate was precipitated as BaSO, for measurement of radio- 
activity. To get enough material for identification of the chondroitin- 
sulfuric acid the nine different preparations were combined in three pools, 
with three of the original preparations in each pool. 

These three samples were found to give a slightly positive biuret test. 
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Galactosamine was identified by paper chromatography according to 
Aminoff and Morgan (10). The sulfur content was determined by hydroly- 
sis of the samples with 6 n HCl on a boiling water bath for 4 hours, pre- 
cipitation with BaCl,, and gravimetric estimation of the amount of BaSQ,. 
The results of the nitrogen and sulfur analyses are given in Table I. 
The inorganic sulfate of the intercostal muscles was determined in the 
following way. The fresh material was minced in a Waring blendor, 
treated with 20 volumes of dry acetone overnight, and then dried in 
air. The dry powder was suspended in glass-distilled water, heated to 
boiling, and, after cooling, dialyzed against glass-distilled water. The 
dialysate was concentrated by distillation and the sulfates precipitated 
as Ba80. 

The measurements of radioactivity were made on the different samples 


Taste I 
Analytical Figures for Sodium Salt of Chondroitinsulfuric Acid Prepared from 
Costal Cartilage of Rats 


re Per cent sulfur on dry substance 
Preparation No. 
Found Theoretical Found Theoretical 
1-3 3.35 2.78 5.68 6.37 
16 3.50 4.95 
7-9 3.24 4.09 


— —jU— — 


of BaSO, obtained from the total sulfur of blood, from the free inorganic 
sulfates of the intercostal muscles, and from the ester-bound sulfate of 
the chondroitinsulfuric acid of the cartilage. The BaSO, was collected 
in small porcelain Gooch crucibles, ignited, and weighed. It was trans- 
ferred to a small aluminum plate, diameter 1.1 cm., placed in the bottom 
of an especially constructed centrifuge tube, suspended in 4 ml. of acetone 
containing a few drops of water, and centrifuged at a speed of about 1500 
r.p.m. for 30 to 40 seconds. After drying in air, the plate was counted 
by means of a Geiger-Müller counter with a 2.1 mg. per sq. cm. mica end 
window tube. After the plating each sample contained about 25 mg. 
per sq. cm., which corresponds approximately to infinite thickness. Under 
such conditions the number of counts is linearly proportional 22 
The results are expressed as counts per minute per sq. cm. 

The main errors in the measurements were the statistical errors of 
counting and the error which arose from irregular sample thickness of 
the plate. The sum of these errors was calculated to amount to +7 per 
cent. 
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The sulfur values given in Table I were somewhat lower than the theo- 
retical figures and the nitrogen values were too high, owing to small amounts 
of protein present in the samples. This does not, however, affect the 
discussion, since all the measurements of radioactivity were made on 
ester-bound sulfate, and cystine and methionine sulfur present in the 
contaminating proteins were thus not represented in the measurements. 

In Fig. 1 the results of the radioactivity measurements are plotted 
against time in hours after injection. As can be seen, there is a rapid 
fall in the radioactivity of free inorganic sulfate of the intercostal muscles 


Fic. 1. Counts per minute per sq. cm. as found in measuring the radioactivity 
plotted against time in hours. Curve I represents the total sulfur in blood, Curve 
II free sulfates in the costal muscles, and Curve III the chondroitin sulfuric acid. 
The errors in measurements are marked on Curve III. 


from 12,000 c.p.m. per sq. cm. after 2 hours to 650 c.p.m. per sq. cm. after 
24 hours and only 4 c.p.m. per sq. cm. on the 16th day. This is in agree- 
ment with the known rapid excretion of injected sodium sulfate. Accord- 
ing to Dziewiatkowski (3) adult rats excrete in the urine and the feces 
about 95 per cent of intraperitoneally injected sodium sulfate during the 
first 120 hours after injection. 

The radioactivity of the total sulfur of blood also shows a very rapid 
decrease from 2750 c.p.m. per sq. cm. after 2 hours to 180 c. p.m. after 
24 hours and 17 c. p.m. after 16 days. The same rapid fall in the blood 
curve has also been demonstrated by other authors (1-4). 

On the other hand the curve for the isolated chondroitinsulfuric acid 
shows an increase during the first hours from a 2 hour value of 1200 c.p.m. 
per sq. cm. to a maximum of 2600 c.p.m. after 24 hours and then a slow 
decrease to 1380 c.p.m. on the 16th day. 
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The maximum replacement of sulfur by its isotope S** thus corresponds 
to 2600 c.p.m. per sq. em., and the curve would, if extrapolated, pass 
half of this value on the 17th day after injection. 

During this period of a little more than 2 weeks the animals increased 
in weight by 10 per cent. No correction has been made for this increase 
because of the difficulty in correlating the increase in weight of the cartilage 
and its synthesis of chondroitin sulfate with the total increase in body 
weight. 

Nothing is thus far known about the mechanism of the sulfate metab- 
olism. Either the sulfate group is exchanged as such or it is renewed in 
connection with a renewal of parts of the carbohydrate skeleton. Only 
further experiments with tracer techniques can throw light on this topic. 

SUMMARY 


The uptake and the elimination of radioactive sulfate in the chondroitin- 
sulfuric acid of the cartilage of adult rats have been followed during a 
period of 16 days. The chondroitinsulfuric acid was isolated at different 
time intervals after intraperitoneal injection of S**-labeled sodium sulfate. 
The maximum uptake was reached in 24 hours and the curve declined 
slowly to a value half the maximum on the 17th day after injection. 


The author’s thanks are due to Professor Erik Jorpes for his helpful 
suggestions and advice throughout the work and to Mr. B. Mänsson 
and Mrs. E. Cederbaum for their skillful assistance. 
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ON THE ENZYMATIC EXCHANGE OF THE SULFATE GROUP OF 
CHONDROITINSULFURIC ACID IN SLICES OF CARTILAGE 


Br HARRY BOSTROM ann BENGT MANSSON 


(From the Chemistry Department (Department II), Karolinska Institutet, 
Stockholm, Sweden) 


(Received for publication, December 26, 1951) 


Enzymes with sulfatase activity have long been known.(1). A specific 
chondrosulfatase has also been demonstrated in certain microorganisms; 
e. g., Bacillus proteus, Bacillus pyocyaneus, and above all, in Pseudomonas 
non-liquefaciens (2). Japanese workers have isolated a chondrosulfatase 
from the liver of some large gastropods (Charonia lampas) (3-6). 

Dziewiatkowski et al. (7) recently showed that radioactive sulfur is 
retained in the articular cartilage from 7 day-old rats after intraperitoneal 
administration of sodium sulfate labeled with S**. The major portion of 
the labeled sulfate in cartilage has been found to be present in chondroitin 
sulfate (8, 9). A similar uptake of radioactive sulfur has been demon- 
strated in a mucopolysaccharide fraction isolated from the skin of rats 
(10). Several papers on the sulfate fixation in vitro in different mam- 
malian tissues and in the embryonic chick have been published by Layton 
and coworkers (11-15). 

The purpose of the present work was to determine whether or not 
radioactive sulfur as sulfate is retained in vitro in slices of cartilage sus- 
pended in Krebs’ solution (16) at 37°. An uptake including an esterifi- 
cation to chondroitin sulfate could be demonstrated. 


EXPERIMENTAL 


Experiment A—Costal cartilage of a newly killed calf was freed from 
muscle, connective tissue, and perichondrium, and sliced to a thickness of 
approximately 0.5 mm. in an ordinary slicing machine used for cutting 
cooked meat. Each slice was immediately placed in Krebs’ solution con- 
taining 20 mg. per cent glucose. When the slicing was completed, the 
slices were poured on a Biichner funnel (without filter paper) and the 
solution was allowed to run off. 6 gm. of the slices were quickly trans- 
ferred to each of eight Erlenmeyer flasks containing 60 ml. of the same 
Krebs’ solution, which had been kept in a water bath at 37° and aerated 
with a gas mixture (93.5 per cent O, plus 6.5 per cent CO,) for about 30 
minutes. One of the samples (No. I) was taken out of the water bath 
and boiled for 15 minutes, cooled, and returned to the water bath. When 
the temperature of this sample was again 37°, 35 mg. of sodium sulfate 
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labeled with S** dissolved in 2 ml. of distilled water (2.05 X 10% c.p.m. 
per sq. cm. measured as barium sulfate at infinite thickness) were added 
to each preparation (Samples I to VIII). Immediately after the addition 
of the isotope, Sample II was removed and boiled for 15 minutes, cooled, 
and dialyzed against running tap water for 24 hours. At different inter- 
vals from } to 24} hours after the addition of the isotope, Samples III to 
VIII were removed and treated in the same way as Sample II. 

Chondroitinsulfuric acid was prepared from all the preparations as 
described in a previous work (8), according to Strandberg’s (17) modifica- 
tion of Jorpes’ method (18). Yield, 150 to 250 mg. The figures obtained 
on analyzing the samples are given in Table I. 


I 
Analytical Figures of Different Preparations of Sodium Salt of Chondroitinsulfuric 
Acid Prepared from Slices of Costal Cartilage of Calf 
Theoretical values, nitrogen 2.78 per cent, sulfur 6.37 per cent. 


Per cent of air-dry substance 
Sample No. Time 
N 8 
hrs. 
I (Boiled) 3.15 4.40 244 
II 3.65 4.17 0 
III 3.43 4.55 4 
IV 4.14 4.94 2 
V 3.28 4.75 4 
VI 4.04 4.38 8 
VII 3.98 4.50 19 
VIII 4.09 243 


About 85 mg. of each of the chondroitinsulfuric acid Samples I to VIII 
were hydrolyzed with 6 * HCl in a boiling water bath for 4 hours. The 
sulfate was precipitated as barium sulfate for determination of the ac- 
tivity. 

By this technique a series of experiments was performed with cartilage 
from calves, adult cats, and guinea pigs. The results are summarized 
in Table IT. 

Experiment B—The following experiment was made as a control. 250 
mg. of chondroitinsulfuric acid prepared from tracheal cartilage of cattle 
were dissolved in 12.5 ml. of Krebs’ solution in an Erlenmeyer flask, and 
9 mg. of sodium sulfate labeled with S** (2.05 X 10 ¢.p.m.) dissolved in 
2.5 ml. of distilled water were added. The flask was placed in a water 
bath at 37° for 24 hours and aerated with the ordinary oxygen-carbon 
dioxide mixture, whereupon it was heated to boiling and the solution 
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dialyzed as above. It was then concentrated by evaporation in vacuo 
to a thin syrup and precipitated with 4 volumes of alcohol. The pre- 
cipitate was washed four times with 80 per cent alcohol and dried with 
absolute alcohol and ether, after which the chondroitinsulfuric acid was 
hydrolyzed with 6 Nn HCl for 4 hours in a boiling water bath and the 
sulfates precipitated as barium sulfate. It was found that in this case 
only small amounts of radioactive sulfur were present. 

Experiment C—Another control experiment was made for the purpose 
of excluding the possibility that the samples of chondroitinsulfuric acid 
obtained under Experiment A were contaminated with free sulfate labeled 
with S**. The procedure was as follows: 

150 mg. of pure chondroitinsulfuric acid prepared from the tracheal 
cartilage of cattle and 4 mg. of sodium sulfate labeled with S** (2.05 X 
10* c.p.m.) dissolved in 30 ml. of distilled water were allowed to pass 
through an anion exchange column (Dowex 2, 20 to 40 mesh) 30 cm. in 
length and 1 cm. in diameter. The solution was then evaporated in vacuo 
and 4 volumes of alcohol were added. The precipitate was dried with 
alcohol and ether. The samples thus obtained were hydrolyzed and the 
sulfate precipitated as above. It was found that all the S**-labeled sulfate 
was removed by the Dowex column. In a similar experiment 90 mg. of 
one of the samples of chondroitinsulfuric acid (Sample VIII) obtained 
under Experiment A were allowed to pass the same Dowex column. In 
this case no significant reduction of the isotope content took place. 

The measurements of radioactivity were made on the barium sulfate 
obtained under Experiments A, B, and C. A special technique of filtering 
was employed in plating, and the activity was measured with a Geiger- 
Müller counter with a 2.1 mg. per sq. cm. mica end window Geiger-Müller 
tube. All the samples had a thickness of 25 mg. per sq. cm., which cor- 
responds approximately to infinite thickness. The error in measuring 
the radioactivity of a sample amounted to +6 per cent. 


RESULTS AND DISCUSSION 


Experiment A—The results are shown in Fig. 1 and Table II. A con- 
siderable retention of S*® in chondroitinsulfuric acid (Samples II to VIII) 
was demonstrated. The concentration of S** showed a progressive in- 
crease with time (Fig. 1) from 48 c. p.m. at zero minute to 8460 c.p.m. 
after 243 hours. Also in cartilage from adult cats and guinea pigs, uptake 
of S** in the chondroitinsulfuric acid took place (Table II). 

There was no significant uptake of S** in the sulfate group of chondroitin- 
sulfuric acid if the slices were boiled prior to the addition of isotope (Sam- 
ple I, 49 c.p.m., Fig. 1) or at 0° in a nitrogen atmosphere (61 c.p.m., Table 
II). 
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Experiment B—No noteworthy uptake of S** took place in 24 hours 
(60 c.p.m.) when sodium sulfate labeled with S** was added to pure chon- 
droitinsulfuric acid alone. This experiment excludes the possibility of a 
simple ion exchange. 


COUNTS/MIN/SQ CM 


Fic. 1. In the curve the radioactivity expressed as counts per minute per sq. 
em. is plotted against time in hours. The errors in the measurements are also shown. 
The value for the boiled preparation (Sample I) is indicated by G. 


TABLE II 
Radioactivity and Analytical Figures of Chondroitinsulfuric Acid 
The samples were prepared from 5 gm. slices of costal cartilage of calf, cat, and 
guinea pig, which had been suspended in 60 ml. of Krebs’ solution containing 20 mg. 
per cent of glucose and 35 mg. of S**-labeled sodium sulfate (2.05 x 10% c.p.m. per 
sq. cm. measured as barium sulfate at infinite thickness). 


Chondroitinsulfuric acid 
Animal Gry Notes 
per min. 
S N 
Guinea pig 5.1 3500 Ordinary gas mixture, 37“, 24 hrs. 
Adult eat 5. 98 2.43 3026 1 * 1 37°, 2 “ 
e e 6.03 2.62 61 | Aeration with N. at 0°, 24 hrs. 
o 5.08 3.76 7010 | Ordinary gas mixture, 37°, 18 hrs. 
a eee 5.57 3.31 72 | Boiled, ordinary gas mixture, 37°, 
18 hrs. 


Experiment (When pure chondroitinsulfuric acid and S**-labeled so- 
dium sulfate were allowed to pass simultaneously through a Dowex 2 
column, the free sulfates were completely removed. If a sample of chon- 
droitinsulfuric acid (Sample VIII), in which S* is present in the ester 
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sulfate group, passes through the same Dowex column, no significant 
change in the concentration of isotope took place (8460 c.p.m. before 
passage, 8270 after passage). It is evident that repeated dialyzing and 
washing with 80 per cent alcohol as applied in the preparation of chon- 
droitinsulfuric acid rule out any contamination with free labeled sulfate. 

Sulfate labeled with radioactive sulfur is consequently taken up by 
slices of cartilage from different animals suspended in Krebs’ solution and 
introduced into the chondroitinsulfuric acid. The amount taken up in- 
creases steadily with time. The reaction does not occur in cartilage slices 
which have been subjected to boiling prior to the addition of isotope or at 
0° in a nitrogen atmosphere, nor will any exchange of the sulfate group 
take place in a solution of pure chondroitinsulfuric acid alone. These 
experiments indicate the presence in the cartilage of an enzyme system 
regulating the exchange of the sulfate group of the chondroitinsulfuric 
acid. Nothing is so far known about the nature of this enzyme system, 
but a slicing technique as used in this investigation seems to be applicable 
for further studies in this field. 


The enzyme system in the cartilage regulating the exchange of the sulfate 
group of the chondroitinsulfuric acid can be studied by experiments in 
vitro. Sodium sulfate labeled with 8˙ has been added to slices of cartilage 
in Krebs’ solution at 37°, and S** has been found to be taken up by slices 
and built into chondroitinsulfuric acid. In boiled cartilage no similar up- 
take occurs. 


The authors wish to express their thanks to Professor Erik Jorpes for 
valuable discussions and stimulating advice during the work. 

This investigation has been aided by grants from the Rockefeller Founda- 
tion, the Swedish State Medical Research Council, the Knut and Alice 
Wallenberg Foundation, and the Vitrum Company, Stockholm. 
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RIBONUCLEASE 


I. A NEW ASSAY METHOD WITH P*#-LABELED YEAST RIBONUCLEIC 
ACID* 


By JAY S. ROTH ann SEYMOUR W. MILSTEIN 
(From the Division of Biological Chemistry, Hahnemann Medical College and Hospital, 
Philadelphia, Pennsylvania, and the Marine Biological Laboratory, Woods Hole, 
Massachusetts) 
(Received for publication, December 6, 1951) 


Four methods for the determination of ribonuclease activity have been 
described. The earliest, and one that has been used and modified by 
several authors (1-5), has been employed to determine the acid-soluble 
phosphorus split from ribonucleic acid by the action of the enzyme. This 
will be referred to as the “acid-soluble phosphorus” method. Kunitz (6) 
has devised a spectrophotometric method by which the increase in opti- 
cal density at 300 mu of a test system of enzyme and substrate may be 
determined. Bain and Rusch (7) have developed a manometric method 
based on the liberation of acid groups as the hydrolysis proceeds. The 
reaction was carried out in a bicarbonate buffer and the CO, produced was 
measured. Finally, McCarty (8) described a turbidimetric method in 
which the decrease in turbidity of the acid-precipitated ribonucleic acid 
(RNA) was measured at regular time intervals. 

Of these four methods, only two, that of Bain and Rusch and the “acid- 
soluble phosphorus” method, are readily applicable to tissue extracts and 
homogenates. Both are somewhat laborious and not well adapted to the 
determination of large numbers of samples. 

In the method described here, the tissue preparation to be assayed is 
incubated with phosphate-labeled nucleic acid in a buffered medium. 
After a definite time interval acid-alcohol is added, precipitating the un- 
hydrolyzed nucleic acid, the precipitate is filtered, and the radioactivity of 
an aliquot of the filtrate is determined. The radioactivity is a linear func- 
tion of the enzyme concentration, under the appropriate conditions of 
enzyme and substrate concentration, and time. In our experience this 
method has proved to be simpler and more sensitive than others we have 
tried. 

Materials and Methods 


Preparation of Labeled Ribonucleic Acid from Yeast—The method of Di 
Carlo et al. (9) was modified by using one-fifth quantities. The phosphoric 


* This project has been supported by contract No. AT(30-1)-1069 with the United 
States Atomic Energy Commission. 
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acid was limited, however, to 2.0 gm. of 85 per cent phosphoric acid to 
insure greater uptake of labeled phosphorus. From 2 to 4 mc. of P® were 
added before starting the incubation. A typical preparation had the fol- 
lowing properties: yield 1.7 gm., P 7.9 per cent, N 14.0 per cent, N:P 1.77. 
The specific activity of this preparation of nucleic acid was 3230 c.p.m. 


per mg. 

The dry material was dissolved by adding dilute sodium hydroxide with 
stirring until pH 6.5 to 7.0 was reached and then diluting to a specific 
volume. 

Crystalline pancreatic ribonuclease was obtained from the Worthington 
Biochemical Sales Company, Freehold, New Jersey. All solutions were 
prepared in 0.1 per cent gelatin. A stock solution containing 25 of en- 
zyme per ml. was used to make dilutions. It was stored in the refrig- 
erator. Under these conditions it was stable. 

Acid-Alcohol—120 ml. of water were added to 80 ml. of approximately 
12.5 n HCl (concentrated HCl). This was diluted to 1 liter with 95 per 
cent ethanol. The final normality is approximately 1 and the alcohol 
concentration 76 per cent. 

All glassware was cleaned by soaking in hot concentrated sulfuric acid 
containing a little concentrated nitric acid and then rinsing thoroughly with 
tap water and distilled water. Glass-distilled water was used for the prepa- 
ration of all solutions. These precautions were necessary, since we have 
found! that small quantities of common laboratory detergents inhibit en- 
zyme activity, particularly at high dilutions of enzyme. 

Buffers—They were kept at room temperature and prepared fresh each 
week, as storage in the refrigerator caused crystals to deposit. 0.1 M ver- 
onal buffer, pH 7.6, was prepared according to the directions of Michaelis 
(10). 

Veronal-Acetate Buffer, 0.17 u, pH 7.7—14.714 gm. of sodium barbital 
and 9.714 gm. of sodium acetate trihydrate were dissolved in 500 ml. of 
glass-distilled water. To this were added 200 ml. of 8.5 per cent NaCl, 
400 ml. of 0.1 * HCl, and 1400 ml. of water. 

Veronal acetate buffer of pH 5.5 was prepared similarly except that 825 
ml. of 0.1 n HCl and 975 ml. of water were utilized. 


EXPERIMENTAL 
Rate of Hydrolysis of Px. Labeled RNA by Pancreatic Ribonuclease 


The test system contained 10.0 ml. of 0.1 m veronal buffer of pH 7.6, 
10.0 ml. of 0.2 per cent labeled RNA, and 5.0 ml. of a solution containing 
a total of 1.25 y of pancreatic RNase. The mixture was kept at room 


1 J. S. Roth and S. W. Milstein, unpublished results. 
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temperature, and 4.0 ml. samples were removed at 2 minute intervals and 
placed in 18 X 150 mm. test-tubes. The RNA remaining was precipi- 
tated by adding 4.0 ml. of 1.0 N acid-alcohol solution. A flocculent pre- 
cipitate forms which is easily filtered with 9 cm. Whatman No. 50 filter 


paper. 

3 ml. of the clear filtrate were pipetted into a planchet and the radio- 
activity assayed with a thin window Geiger tube under standard geometri- 
cal conditions. All samples in this investigation were assayed similarly. 

If acid alone is used for the precipitation, the RNA precipitates in col- 
loidal form and is very difficult to filter. Some experiments, not reported 
here, were carried out with acid alone for precipitation, but in these 0.1 gm. 


o—OPTICAL DENSITY 
0000 6---RADIO ACTIVITY OF FILTRATE 
é 
= 6000 
8 


TIME - MINUTES 
Fig. 1. Hydrolysis of phosphate-labeled RNA by pancreatic ribonuclease 


of a fine kaolin was added to the precipitate to facilitate filtration. The 
kaolin adsorbs some of the soluble radioactive phosphorus but does not 
affect the over-all results appreciably. 

In Fig. 1 the results of a typical experiment are plotted. The reaction 
rate is linear for the first 10 minutes and then falls off. Similar results are 
obtained if the reaction is followed by changes in optical density. These 
latter values were obtained by precipitating with acid alone and measuring 
the optical density at 420 my in a Lumetron colorimeter (model 401) 1 
minute after adding the acid. 

Relation between P Hydrolyzed from Labeled RNA and Enzyme 
Concentration 

This relationship must be linear, within certain enzyme concentrations, 
if the method is to be useful for assay. The following conditions were 
used to test this point. 1 ml. of 1 per cent labeled RNA, 1.0 ml. of 0.1 M 
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veronal buffer of pH 7.6, and 1.0 ml. of diluted enzyme solution were 
incubated at room temperature from 30 minutes to 6 hours. At the end 
of the specified period 3.0 ml. of acid-alcohol were added and the mixture 


TABLE I 
Effect of Varying RNase Concentrations on Hydrolysis of P from Labeled RNA 
at 27.0° 


Crystalline pancreatic Total counts Counts corrected for background and blank 
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* Not significantly different from the blank. 
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4 Fic. 2. Relation between pancreatic ribonuclease concentration and radioactive 
Pes hydrolyzed from labeled RNA. 


filtered as before. A watch-glass was placed over each funnel to retard 
evaporation. 3 ml. of the clear filtrate were assayed for radioactivity. 
The results of a typical experiment are given in Table I. 
Consideration of the corrected counts in Table I, Columns 5, 6, and 7, 
shows good linearity in each vertical group representing the time of reac- 
tion. The results of the 6 hour incubation are plotted in Fig. 2 to give a 
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better picture of this linearity. It is to be noted also that values in Column 
6 are approximately 4 times those in Column 5 and those in Column 7 ap- 
proximately 3 times those in Column 6. These horizontal relationships 
emphasize further the linear nature of the increase in radioactive phosphate 
in the filtrate with time. | 

The incubation time can thus be varied to increase the sensitivity of the 
assay. Our experience has shown 4 hour’s incubation to be satisfactory 
for rat tissue homogenates at dilutions of 1:10 to 1:100, depending on 
the tissue. 

The concentration of salts is very important in considering the activity 
of pancreatic ribonuclease (11). By adjustment of the final salt concen- 


Tank II 
Effect of Temperature on Hydrolysis of Pu from Labeled RNA 
2 hours incubation; precipitated with 0.5 n HCl in 76 per cent ethanol; 1.0 ml. of 
per cent labeled RNA; 1.0 ml. of buffer; 1.0 ml. of enzyme dilution. 


rea Counts corrected for background and blank 
enzyme per 3 

reaction mixture 27.0° 37.0° 

7 

0.00 (Blank) (678) 0 (671) 0 
0.000625 * 96 
0.00125 62 173 
0.0025 173 0 549 
0.005 395 1387 
0.01 860 2488 
25.0 8480 8520 


* Not significantly different from the blank. 


tration to 0.056 M, with 0.17 m buffer, enzyme activity increased 25 per 
cent in comparison to use of a buffer that gave a final salt concentration of 
0.033 m. It is probable that salt concentration influences other tissue 
ribonucleases also, but few data are available on this point. 

Studies were made of the effect of a rise in temperature from 27.0° to 
37.0°. In Table II the results of this temperature change on the hydrolysis 
of P from labeled RNA are given. 

Raising the temperature from 27.0° to 37.0° approximately triples the 
amount of P® hydrolyzed. The sample containing 25 y of enzyme may be 
considered to be maximally hydrolyzed, as there is a relatively high enzyme 
to substrate ratio. Only a small precipitate is obtained upon addition of 
acid-alcohol to such a mixture. It is possible that in this case the precipi- 
tate represents the non-dialyzable residue (12), at least in part. 

Experiments were also performed to determine the effect of changing 
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acid and alcohol proportions on the completeness of precipitation of un- 
hydrolyzed RNA. For these experiments 1.0 ml. of 0.1 per cent gelatin, 
1.0 ml. of 0.1 M veronal buffer of pH 7.6, and 1.0 ml. of 1 per cent labeled 
RNA were placed in a test-tube and precipitated immediately with 3.0 ml. 
of precipitating agent. It was found that 60 per cent ethanol was suffi- 
cient to cause flocculation and give a clear filtrate; however, since 80 per 
cent ethanol gave a lower count in the filtrate, we used a concentration 
(76 per cent) closer to this value in the assay method. Decreasing the 
acid concentration (in 76 per cent ethanol) from 1.0 to 0.1 N progressively 
reduced the acid hydrolysis that occurred during filtration. These results 
are given in Table III. 


III 
Effect of Different Acid and Alcohol Concentrations on Precipitation of Unhydrolyzed 
RNA 
Counts in 1 

background 
0.5 n HCl in 20% EtOH 3395 Ppt. passed through filter paper 
60⁵ Clear filtrate 
0.5 44 46 80% se 496 

pH of filtrate 

„ 847 0.63 
„„ 614 0.77 
O0. 4äͤw « 76% 536 0.96 
— 411 1.31 
0.1144 760% 346 1.57 


Although even 0.1 n HCl in 76 per cent EtOH will completely precipitate 
the RNA under the conditions of this experiment, it was felt advisable to 
use 1.0 n acid in studies on tissues in which the molarity of the buffer was 
higher. 

Tissue Studies; Experimental Conditions 

Male and female rats weighing from 150 to 350 gm. were utilized. They 
were anesthetized with ether and then exsanguinated. The blood was 
centrifuged and the cells washed once with isotonic NaCl. Tissues were 
removed, and a portion was weighed and then homogenized in a Ten Broeck 
homogenizer with distilled water. The homogenizer was washed with dis- 
tilled water and the homogenates and rinsings transferred to volumetric 
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flasks and diluted to volume. The dilutions used are given in Table IV. 
From 0.1 to 0.5 gm. of tissue was utilized in preparing the homogenate. 
No special precautions were taken to keep the tissues or homogenates cold. 
Usually the assays were started about 1 hour after the tissues were removed 
from the animal. Aliquots of the homogenates were taken for nitrogen 
analysis by the micro-Kjeldahl procedure. 

For the assay, 1.0 ml. of tissue homogenate, 1.0 ml. of 0.17 m veronal 
acetate buffer of pH 5.5, and 1.0 ml. of 1 per cent labeled RNA were incu- 
bated at 37.0° in a water bath for 4 hour, after which 3.0 ml. of 1.0 n HCl 


Taste IV 
Ribonuclease Activity in Rat Tissues* 
yy N per ml. Total P 
Counts 
Tissue eight of tissue Final volume dann in per me. ody 
mi. mg. mg. 
Spleen 220 mg. 25 2776 0.282 9840 0.478 
Kidney 350 100 1472 0.216 6830 0.332 
Intestine 340 25 2431 0.525 4630 0.221 
Lung 20 10 2588 0.960 2700 0.131 
Muscle 160 10 629 0.475 1325 0.064 
Serum 0.5 ml. 25 457 0.350 1305 0.063 
Liver 329 mg. 25 669 0.860 778 0.037 
Brain 498 10 737 1.37 537 0.027 
Heart 350 10 32¹ 1.61 199 0.0097 
Cells 0.5 ml. 25 10 1.40 7 
Pancreatic 0.01 y Stock diluted 155 
enzyme 1:2500 


* The values are averages of duplicate determinations. 
t Calculated from values in the preceding column; see Discussion. 


in 76 per cent EtOH were added and the radioactivity of the filtrate de- 
termined as described before. A blank with 1.0 ml. of 0.1 per cent gelatin 
was always run under similar conditions, and the radioactivity of its filtrate 
subtracted from the values for the homogenate filtrates to obtain the values 
given in Tables IV and V. 

In test runs it was found that the activity of liver and spleen ribonuclease 
was, as expected (13), considerably higher at pH 5.5 than at pH 7.7, while 
intestinal ribonuclease activity remained approximately the same at the 
two pH values. On the other hand pancreatic ribonuclease activity is 
quite low at pH 5.5. It was also found that with kidney, spleen, and liver 
homogenates the reaction rate was linear for at least the first half hour. 

In Table IV are given values obtained for tissues of one animal and the 
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calculated values in terms of phosphorus split per mg. of N per hour, while 
in Table V average values obtained from several different animals and the 
ranges are given. 

Consideration of the values for tissues in Tables IV and V indicates 
that kidney is the most active tissue in terms of mg. of P split per mg. of N 
per hour. It is closely followed by spleen, intestine, and lung. Liver 
activity was relatively low and most constant, among the different animals, 
of any of the tissues examined. The activity of red blood cells was zero; 
the slight activity obtained in one case is possibly due to contamination 
with serum, since the cells were only washed once. 


TanLl V 
Ribonuclease Activities of Rat Tissues* 
Tissue Se Counts permg.N Total P split 
mg. per mg. N per hr. 
Kidney............. 8 6184 (4830-8090 ) 0.321 (0.250-0.420) 
Spleen............. 8 4981 (3190-6700 ) 0.258 (0.166-0.347 ) 
Intestine........... 8 4291 (3360-5470 ) 0.223 (0.175-0. 281) 
e 5 3724 (3200-4200) 0.193 (0.171-0.222) 
8 901 (768-1240) 0.047 (0. 069-0. 040) 
5 830 970) 0.040 (0.0820. 050) 
. 11 800 (357-1748) 0.039 (0.019-0.091 ) 
. 4 303 (241- 325) 0.016 (0.013-0.017 ) 
37 208 (169— 223) 0.011 (0.009 0.012) 
Red blood cells 4 16 (0 16) <0.001 (0 -0.001) 


* Average values and ranges. Each determination was performed in duplicate 
and the averages used in compiling the table. The variation in duplicate determi- 
nations on the same tissue is less than 2 per cent in all cases. 

t One value atypical, 1720, 0.089. 


It is difficult to make comparisons to other literature values for RNase 
activity of tissues, since most often they are not expressed in terms of 
activity per mg. of N. Greenstein and coworkers (14) reported values for 
rat liver, kidney, spleen, brain, pancreas, and muscle. With fresh, un- 
dialyzed tissue extracts incubated for 5 hours, the order of activity was 
kidney > liver > spleen > brain. Pancreas and muscle had zero activity, 
although the dialyzed extracts of these tissues showed moderate activity. 
Cantero and coworkers (5) and Greenstein (15) both report a value of 
0.09 mg. of P split per 2 hours per 0.4 mg. of N for normal rat liver. 


DISCUSSION 
It is possible to calculate the sensitivity of this assay in comparison to 
the soluble phosphorus method. Assuming that a difference of 50 counts 
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between assays for radioactivity is significant, we can calculate the amount 
of Pu that this represents. 


I ml. 1% RNA = 10 mg. X 7.9% P = 0.79 mg. P* per 10 mg. RNA used in assay 

10 mg. RNA gives 32,300 c. p. m. 

50 counts represent (50 X 0.79)/32,300 mg. of P = 0.0012 mg. P* 

According to Hawk, Oser, and Summerson (16) the limit of accurate 
measurement of phosphorus by the method of Fiske and Subbarow (17), 
with ordinary laboratory techniques, corresponds to an inorganic P content 
of about 8 mg. per cent or 0.08 mg. per ml. By the method of radioactive 
assay we can detect, therefore, under the present conditions, about 
0.0012/0.08 or 1/65 the amount of soluble P that can be detected by the 
soluble phosphorus method. The sensitivity of the isotope method de- 
pends largely on the specific activity of the labeled nucleic acid. This 
could be increased quite simply by using dry samples instead of wet, or by 
counting the samples on the first shelf of the sample mount instead of the 
third. These two measures would increase the specific activity by a factor 
of approximately 10. It would also be possible to obtain a higher specific 
activity by using more P in the preparation of the nucleic acid. 

The values in Table IV for P split per mg. of N per hour were obtained 
by use of the factor 


mg. per be. (x 0.79 x 2) 


The multiple of 2 is to convert the half hour incubation time to 1 hour. 
The total counts given in Table IV are already adjusted to a basis of 6.0 
ml., the total amount of solution in the assay. 

For the data in Table V a different preparation of nucleic acid was used, 
the factor for these values being 


Counts (X 0.75 x 2) 
29,200 


It is believed that this procedure offers several advantages. One is the 
fact that there is greatly increased specificity for the enzyme reaction. 
Only acid-soluble phosphorus arising from the labeled RNA is measured, 
and therefore acid-soluble phosphorus which may be present originally 
in the homogenate, or which may arise by the action of desoxyribonuclease 
on DNA, or by other reactions, does not interfere. Thus the need for 
running two controls on each homogenate is eliminated. The digestion 
of the filtrate and colorimetric determination for phosphorus are also no 
longer necessary, saving considerable time and labor. 

Owing to the increased sensitivity for the reaction, the incubation time 
may be reduced to 4 hour from the 2 hours usually employed in the acid- 


soluble phosphorus method. Under favorable conditions, with a longer 
incubation period, however, as little as 0.0001 y of pancreatic enzyme may 
be detected. 

The procedure described here assumes that the RNA is randomly labeled. 
This is not necessarily the case, and it is possible that the growing yeast 
incorporates P* into purine and pyrimidine nucleotides at different rates 
or that the original inoculum incorporates P® into preformed nucleic acid 
by an exchange mechanism. If, however, either purine or pyrimidine nu- 
cleotides are labeled to a greater extent, we would expect to obtain non- 
linear production of radioactivity in the filtrate, since it has been shown 
that a greater proportion of pyrimidine nucleotides is split off at the start 
of the hydrolysis (12). As the rates we have obtained in all experiments 
are linear up to 6 hours incubation time, non-random labeling is not a 
factor, at least under the conditions proposed for this assay. 


1. Phosphorus-labeled yeast ribonucleic acid has been prepared and used 
for a substrate in a new assay method for ribonuclease. 

2. The method depends upon the measure of radioactive phosphorus 
split off from the substrate during hydrolysis by the enzyme. 

3. Details of the conditions for carrying out the assay are given, and 
values obtained on tissues are listed. 

4. The method is more sensitive and simpler to carry out than present 
methods. 
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I. HYPOXANTHINE FORMATION IN PIGEON LIVER HOMOGENATES 
AND EXTRACTS* 
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The pioneering work by Schuler and Reindel (3), Orstrém, Orstrém, 
and Krebs (4), and Edson, Krebs, and Model (5) on the biosynthesis of 
the purines in vitro has done much to stimulate the progress of more recent 
work with isotopic tracers. These investigators showed that a substance 
was synthesized in pigeon liver slices which upon incubation with kidney 
tissue was converted into uric acid. This intermediary substance, cor- 
rectly identified by Edson, Krebs, and Model (5) as hypoxanthine, accu- 
mulates because of the absence of xanthine oxidase in pigeon liver. Several 
substances, notably glutamine, oxalacetate, pyruvate, and ammonium salts, 
stimulate hypoxanthine synthesis in pigeon liver slices although the mode 
of this stimulation is unknown. 

The ammonia-binding mechanism and presumably the de novo hypoxan- 
thine synthesis of liver slices studied by Edson, Krebs, and Model were 
destroyed by rupture of the cell. The study of purine synthesis is further 
complicated by the fact that after rupture of the cells there is a rapid 
endogenous breakdown of tissue nucleic acids and nucleotides to form 
purine bases. Richert, Edwards, and Westerfeld (6) have shown that in 
liver homogenates of species of animals containing xanthine oxidase up to 
one-half of the initial respiration of the tissue may result from the oxidation 
of purine bases to uric acid and further products of purine metabolism. 
In view of this large endogenous breakdown of purine structures in broken 
cell preparations, it would be difficult to study the de novo synthesis of the 
purine skeleton without the aid of isotopic tracers. Subsequent to the 

* Aided by grants from the National Cancer Institute, National Institutes of 
Health, United States Public Health Service; the Damon Runyon Memorial Fund 
for Cancer Research, Inc.; and the Jane Coffin Childs Memorial Fund for Medical 
Research. Ci allocated by the Atomic Energy Commission. 

A preliminary report of this paper has appeared (1). G. R. Greenberg (2) has 
also independently reported that purine synthesis takes place in pigeon liver extract. 
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demonstration in this laboratory that carbon dioxide, formate, and glycine 
are precursors of uric acid in vivo (7, 8), Greenberg (9) has shown that 
carbon dioxide and formate are utilized in the synthesis of hypoxanthine 
by pigeon liver homogenates. More recent experiments (10) have demon- 
strated that glycine is likewise converted into hypoxanthine in the homog- 
enate. 

In the present paper, experiments are reported on hypoxanthine synthe- 
sis by pigeon liver homogenates and extracts of pigeon liver prepared by 
centrifuging the homogenate at high speed to separate the particulate frac- 
tion from the soluble proteins of the tissue. It has been demonstrated 
that, with no additions other than the substrates, the synthesis of hy- 
poxanthine takes place in the particulate-free extract by the reaction of 
formate, CO,, and glycine in the approximate ratio of 2:1:1. The fact 
that these substrates react in the above proportion is further evidence 
that glycine, CO,, and formate are the fundamental carbon units from 
which the purine molecule is synthesized. These data, in addition to 
evidence to be published, indicate that glycine is the initial substance 
around which the other nitrogen and carbon units are elaborated during 
hypoxanthine formation. A study has also been made of the metabolism 
of purine precursors and ammonium salts in homogenates and particulate- 
free preparations. 


EXPERIMENTAL 


Preparation of Homogenates and Extracts—The incubation medium con- 
sists of 0.035 m sodium phosphate buffer, pH 7.4, 0.13 u KCl, 0.04 u 
KHCOs, and 0.01 m MgCl. This is essentially the same medium used by 
Greenberg (9), except that the bicarbonate was included in the basic 
medium and not added directly to the incubation vessels with the other 
additions. Pigeon livers, used in all of these studies, were obtained from 
birds which had been killed by decapitation and bled. The livers were 
excised quickly, chilled in cracked ice, freed of gross connective tissue, 
washed briefly with the incubation medium, minced coarsely with scissors, 
and homogenized. These operations were carried out in a cold room at 
4°, the solutions and homogenizers being kept on ice until ready for use. 
The amount of tissue was estimated by transferring the mince to a gradu- 
ated cylinder containing a known volume of medium and by measuring 
the volume that the tissue displaced. The necessary amount of medium 
was added to a graduated cylinder to make a homogenate containing | 
part of tissue by volume to 1.5 or 2 parts of buffer by volume (1:1.5 or 
1:2 homogenate respectively). The homogenization was carried out with 
a Potter-Elvehjem type homogenizer. 2 ml. of the homogenate were trans- 
ferred to Warburg vessels containing the isotopic compounds and other 


le 
t 


SCHULMAN, SONNE, AND BUCHANAN 501 


additions. The flasks were flushed with a 95 per cent O,-5 per cent CO, 
gaseous mixture and incubated at 38.5° for the desired time. 

Extracts were prepared by spinning the homogenate in a refrigerated 
Spinco model L preparative ultracentrifuge at approximately 100,000 X g 
for 30 minutes. The clear supernatant, which was free of all cellular 
structures, was removed carefully with a pipette and incubated as described 
above. When comparisons were made of fresh versus recombined ho- 
mogenates, the fresh homogenate was incubated as soon as it was prepared. 
The recombined homogenate was obtained by mixing the contents of an 
ultracentrifuge tube from which none of the supernatant had been removed. 
This was incubated at the same time as the extracts. 


Methods 


The following procedures have been used in the measurement of the 
de novo synthesis of hypoxanthine. The labeled substrates were incubated 
with the liver preparations. At the end of the experiment an amount of 
carrier hypoxanthine was added which was far in excess of the hypoxan- 
thine formed by and originally present in tissue preparations. The hypo- 
xanthine was then isolated by the following method. 

Isolation of Silver Hypoxanthine Picrate—After adding 10 mg. of carrier 
hypoxanthine to each 2 ml. of the original homogenate, the contents of the 
vessels were deproteinized with 0.1 volume of 30 per cent trichloroacetic 
acid, centrifuged, and the supernatant decanted into a 50 ml. centrifuge 
tube. The protein was washed and the washings added to the original 
supernatant. Although the preparation of silver hypoxanthine picrate has 
been adequately described by Hitchings (11), we have found it convenient 
te use the following specific conditions. The volume of the supernatant 
was brought to about 25 ml., 1 ml. of concentrated nitric acid was added, 
and the solution heated for 30 minutes to hydrolyze any ribose compounds 
of hypoxanthine. 6 ml. of saturated sodium picrate and 4 ml. of 0.2 M 
silver nitrate solution were added to the tube which was kept in the boiling 
water bath for at least 5 minutes. The tube was brought to room tem- 
perature and allowed to stand for at least 1 hour. The silver hypoxanthine 
picrate which precipitated during this time and the silver chloride initially 
formed were centrifuged and the supernatant discarded. The precipitate 
was washed three times with a large volume of water to free the precipitate 
of contaminating radioactive materials and picric acid. The precipitate 
was dissolved in 2 ml. of boiling nitric acid and filtered through a fritted 
glass disk. The clear filtrate was collected in a small centrifuge tube 
fitted inside the filtering flask. The residual silver chloride was then ex- 
tracted once with 1 ml. of hot concentrated nitric acid. This washing 
after filtration was combined with the original filtrate. The clear filtrate 
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was diluted to 25 ml., 5 ml. of saturated sodium picrate solution were added, 
and the mixture placed in a boiling water bath. Occasionally silver hy- 
poxanthine nitrate settled after the nitric acid extraction, but readily dis- 
solved upon warming. 2.5 ml. of 0.2 M silver nitrate solution were added 
to the clear filtrate and the separation of the silver hypoxanthine picrate 
allowed to proceed as described above. The precipitate was freed of picric 
acid by repeated washing with water and dried at 100°. The sample was 
then suspended in absolute ether, pulverized with a stout stirring rod, 
plated on a small weighed metal planchet (4.9 sq. cm.), and assayed for 
radioactivity with a mica end window counter. The radioactive samples 
were corrected to infinite thinness. During the procedure for isolating 
silver hypoxanthine picrate, no particular care was taken to obtain a quan- 
titative recovery. Since 10 mg. of hypoxanthine were added as carrier, 
the theoretical recovery of the silver picrate salt was assumed to be 34 mg. 
and all radioactivity counts were therefore corrected to this figure. The 
total amount of radioactive substrate incorporated into hypoxanthine in 
each vessel was calculated by dividing this total count by the specific 
activity of the substrate. 

In most cases the specific activity of added substrate was used in calcu- 
lations of incorporation of radioactive substrate (regarded as de novo hy- 
poxanthine synthesis). No account was taken of dilution of radioactive 
materials by preformed substrate or of change of specific activity during 
incubation unless noted. 

When samples of hypoxanthine were contaminated with radioactive 
formate and glycine under the conditions of the experiments, the isolated 
silver hypoxanthine pi did not contain in either case any trace of 
contaminating substrates. When, however, hypoxanthine was isolated as 
the silver hypoxanthine picrate in the presence of labeled 4-amino-5-imida- 
zole carboxamide, the contamination was sufficiently great that this method 
of isolation of hypoxanthine could not be used. Uncontaminated hy- 
poxanthine was obtained in the presence of this compound by a combi- 
nation of ion exchange resin and partition chromatographic methods which 
are discussed in the following paper (12). 

Comparison of Specific Activity of Silver Hypoxanthine Picrate with That 
of Hypoxanthine Isolated by Partition Chromatography on Starch The pro- 
cedure used for the isolation of silver hypoxanthine picrate would in all 
probability precipitate small amounts of adenine present in the tissue. 
Adenine is not important as a non-radioactive contaminant since the 
amount of this compound present in the tissues is insignificant in compari- 
son to the quantity of carrier hypoxanthine added. In unpublished experi- 
ments in this laboratory, it has been shown that free adenine is not formed 
from radioactive formate in pigeon liver homogenates. In addition, Green- 
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berg has shown that adenylic acid is not synthesized by this system (13). 
Adenine is, therefore, not a radioactive contaminant of the hypoxanthine 
isolated. 

In order to demonstrate further that the isolation of radioactive silver 
hypoxanthine picrate obtained after incubation of homogenates with such 
labeled precursors as formate and glycine is an accurate method for the 
determination of the radioactivity of hypoxanthine, a comparison has been 
made between results obtained by this and another method of hypoxanthine 
isolation; namely, partition chromatography on starch columns. The iso- 
lation of hypoxanthine by this latter method entails the same type of 
incubation procedure with addition of carrier hypoxanthine as described 
above, except that these experiments were carried out on a much larger 
scale. The preliminary steps of this isolation involving the precipitation 
of ammoniacal silver hypoxanthine were essentially those of Edson, Krebs, 
and Model (5). The gelatinous silver purines were converted to the free 
base and chromatographed on starch as described in the accompanying 
paper (12). Hypoxanthine, purified by starch chromatography, and silver 
hypoxanthine picrate, which were isolated from the same reaction mixtures 
after incubation of pigeon liver homogenate with either radioactive glycine 
or formate, had the same specific activities (counts per minute per micro- 
mole). Therefore, it was concluded that the isolation of silver hypoxan- 
thine picrate was a reliable method for measuring the incorporation of 
radioactive substrates into hypoxanthine in experiments of this type. In 
the experiments reported in this paper, hypoxanthine was routinely isolated 
as the silver picrate because of the ease and rapidity of this method. 

The purity of the hypoxanthine isolated by partition chromatography was 
checked by ultraviolet spectrophotometry. All the samples were found to 
be pure. The value of 10,500 at 250 my (12) was taken as the molecular 
extinction coefficient. 

Determination of Glycine—Glycine was determined by the procedure of 
Alexander, Landwehr, and Seligman (14). The use of 1 per cent ninhydrin 
in our early experiments (cf. Table VIII) resulted in incomplete recovery. 
In subsequent experiments with 2 per cent ninhydrin, as suggested by 
Krueger (15), complete recovery was obtained (Table I). The glycine 
content ranged from 1 to 2 um per ml. of a 1:1.5 extract or homogenate 
(equivalent to 400 mg. of pigeon liver). 

Determination of Glycine Specific Activity —Glyeine-I-CM was used in 
studying hypoxanthine synthesis because the carboxyl carbon of glycine 
contributes only 1 carbon of the purine structure, whereas the a-carbon 
may under certain conditions contribute to 3. To determine the specific 
activity of glycine during incubation, however, a companion vessel con- 
taining glycine-2-C" was used. The a-carbon of glycine-2-C™ was con- 


verted to formaldehyde by an adaptation of the procedure for the quantita- 
tive determination of glycine. The formaldehyde was converted to carbon 
dioxide according to the procedure of Wood, Lifson, and Lorber (16), 
precipitated as barium carbonate, and its activity used as a measure of that 
of the glycine present. The formaldehyde samples were redistilled from 
phosphate buffer at pH 7 to insure against contamination by formate 
present in the incubation mixture. The specific activity of the glycine 
of the liver preparations before incubation was also calculated from the 
amount of endogenous non-radioactive glycine of the extract or homoge- 
nate and the amount and specific activity of the added radioactive glycine. 
The specific activity of glycine as determined by these two methods agreed 
to at least within 10 per cent. 

Ammonia Determination—Aliquots of homogenate or extract were de- 
proteinized with perchloric acid and the supernatant and washings adjusted 
to pH 10.5 to 11 with Na,CO;. The ammonia was distilled by aeration 
and collected in borate buffer. 


Results 

In the studies herein reported a comparison of the metabolic behavior of 
homogenates and extracts has been undertaken and a search has been made 
for the factors influencing optimal purine synthesis by in vitro systems. 

Studies on Hyporunthine Synthesis by Pigeon Liver Homogenates 

Utilization of Glycine and Ammonia— As shown in Table I, there is a 
rapid utilization of both glycine and ammonia by the homogenate. This 
latter finding is in contrast to the report of Edson et al. (5) that broken cell 
preparations do not bind ammonia. 

Specific Activity of Glycine during Incubation—Special attention was paid 
to the determination of the specific activity of glycine in these experiments 
because of the use of glycine incorporation as a measure of de novo purine 
synthesis. When the initial concentration of glycine was relatively high 
(0.014 Mu), the change in specific activity of glycine-2-C" during a 30 minute 
incubation of pigeon liver homogenate was negligible (Vessel 2, Table I). 
It is thus evident that when high concentrations of glycine are used, in the 
absence of NH. Cl, change of specific activity of glycine does not enter in as 
an error in the estimation of de novo synthesis of hypoxanthine. 

The interesting observation was made, however, that the presence of 
ammonium ion in the incubating medium of the homogenate consistently 
resulted in a lowering of the specific activity of the glycine at the conclusion 
of the experiment (Vessel 1, Table I). This is in contrast to the extract in 
which the specific activity of glycine remained constant regardless of the 
addition of ammonium ion (Table VII). These data are taken to indicate 
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that glycine may be synthesized by the homogenate but not by the extract 
when ammonium ions are present. Apparently the utilization of ammo- 
nium ion for glycine synthesis is dependent on the presence of the insolu- 
ble particles of the pigeon liver tissue. 


Taste I 

Metabolism of Glycine and Ammonium Chloride in Pigeon Liver Homogenates 
| NH. ci Glycine Glycine 2· CV 1 — 
for hypozan- 
Initial | Final | Initial | Final Initial | Final | thine synthesis 

ee | | | „ | 
INH. Ci added)............. 19.8 | 10.4 | 34.8 | 23.8 | 2.93 | 2.50 0.07 
. ccccccce 34.8 | 26.1 | 2.93 | 2.94 0.12 


The results are expressed in terms of a vessel containing 2 ml. of 1:1.5 homogenate 
and additions to make a total volume of 2.5 ml. (Incubations were carried out on 
a larger scale to obtain enough material for analyses.) Additions per 2 ml. of ho- 
mogenate were 31 us of glycine, 45 um of formate; 20 um of NH. Ci were added to 
Vessel 1. Incubation time, 30 minutes. 


Taste II 
Effect of Concentration of NH. CH. COOH on Synthesis of Hypozanthine 
Total count 


—— comet Total counts in | Total counts in 
* 


of glycine 
c p.m. per pM 


1 5.75 320 3140 0.07 0.10 
2 23.1 1470 4000 0.33 0.37 
3 46.2 1890 4190 0.43 0.45 


— contained 2.1 ml. of 1:2 pigeon liver homogenate, 20 um of NII. CI, 15 
uu of sodium formate, and added amounts of glycine as indicated. Amount of 
preformed glycine per vessel, 2.3 um. Total volume, 2.8 ml. Incubation time, 20 
minutes. 

* Specific activity. 


Effect of Substrate Concentration on Hypozanthine Synthesie—When the 
amount of glycine added to the homogenate was increased, the utilization 
of radioactive substrate for hypoxanthine synthesis was increased several 
fold (Table II). Calculation of the quantity of substrate incorporated 
into hypoxanthine is made by dividing “total counts in the hypoxanthine” 
by “the specific activity of the added substrate.“ The assumption that 
the actual specific activity of the substrate is equivalent to that of the 
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added substrate may lead to error in the above calculation when the amount 
of radioactive substrate added is small. In these instances preformed 
substrate and substrate formed during incubation, especially in the pres- 
ence of ammonium chloride, serve to dilute the radioactive substrate. 
Corrected specific activity values should be used since uncorrected values 
will lead to calculation of low synthesis of hypoxanthine from radioactive 
substrates. Such a dilution of substrate at low concentrations of radio- 
active glycine might explain in part the difference in the synthesis of 
hypoxanthine calculated for Vessels 1 and 2, Table II. Even after cor- 
rection of the initial specific activity of glycine in all the vessels for dilution 
by preformed glycine, however, the calculated amount of radioactive sub- 
strate incorporated into hypoxanthine was still significantly greater at the 
Taste III 
Effect of Concentration of Glycine on Hypozanthine Synthesis from Radioactive 
Formate in Pigeon Liver Homogenates 


Radioactive substrate 
Vessel No. Additions Quantity added utilized for 
hypoxanthine synthesis 
1 HCI. OONa 45 0.08 
NH. CH,. COO 0 
2 HCI OONa 45 0.21 
NH,CH,COOH 30 


Each vessel contained 2 ml. of 1:1.5 homogenate (800 mg., wet weight) plus the 
additions noted above to make a total volume of 2.3 ml. Incubation time, 40 min- 
utes. Specific activity of formate, 2250 c.p.m. per au. 


higher concentrations of glycine. Although no measurement was made of 
the change of specific activity during incubation, it was felt that the main 
factor determining the increased incorporation of radioactivity was the 
increased glycine concentration per se. 

The enhancing influence of high glycine concentration is best shown by 
studying the effect of adding increasing amounts of unlabeled glycine to ho- 
mogenates which are synthesizing hypoxanthine from radioactive formate. 
In the experiment shown in Table III, there was a significant increase in 
the amount of radioactive formate utilized for hypoxanthine synthesis in 
the presence of a relatively high concentration of unlabeled glycine. 

A similar effect of the progressive increase of unlabeled formate on the 
incorporation of radioactive glycine may also be demonstrated. The ex- 
perimental results in Table IV indicate that increasing the added formate 
up to 45 um to give an initial concentration of 0.018 M resulted in a progres- 
sive increase in the incorporation of labeled glycine into hypoxanthine. 

The experiments demonstrate that high levels of substrate enhance hy- 


506 BIOSYNTHESIS OF PURINES. I 
7 


F 8 7 8 


SCHULMAN, SONNE, AND BUCHANAN 507 


poxanthine synthesis. In addition high levels of substrate eliminate the 
necessity for correcting the specific activity of the added substrate when 
calculating hypoxanthine synthesis from radioactive materials. 

Effect of Aminoplerin—It has been shown that repeated injections of 


Tant IV 
Effect of Concentration of Formate on Hypozanthine Synthesis from Radioactive 
Glycine in Pigeon Liver Homogenates 
Radioactive substrate utilized for hypoxanthine synthesis 
Vessel No. Pr Experiment 1 Experiment 2 Experiment 3 
60 min. 60 min. 20 min. @ mia. 
1 0 0.04 0.02 0.09 
2 15 0.11 0.10 1.05 2.63 
3 45 0.24 0.21 


Each vessel contained 2 ml. of 1:2 homogenate (670 mg., wet weight), 45 um of 
carboxyl-labeled glycine plus non-labeled formate as indicated. The vessels in 
Experiments I and 3 contained 20 uu of NH. Ci in addition to the other substrates. 
Total volume, 2.5 ml. 


V 
Utilization of HC'*OONa and VH. CH. COOH for Hypozanthine Synthesis in 
Presence of Aminopterin 
Incorporation into 
Vessel No. Labeled substrate 

Without aminopterin | 77 — 

1 HC. OONa 3.4 3.3 

2 NH- CH, COOH 1.8 2.0 


Each vessel contained 2 ml. of 1:2 pigeon liver homogenate, 30 um of sodium 
formate, and 45 u of glycine plus the additions indicated above. Total incuba- 
tion volume, 2.4 ml. Incubation time, 1 hour. 
aminopterin in living animals result in inhibition of the incorporation of 
labeled formate or carbon dioxide into nucleic acid purines (17). As seen 
in Table V, it was not possible for us to demonstrate an inhibition of 
incorporation of formate or glycine into hypoxanthine by the addition of 
large amounts of aminopterin to the incubating pigeon liver homogenate. 
With respect to this failure to demonstrate inhibition in vitro, it may be 
noted that in the experiments mentioned above in vivo a single injection of 
aminopterin failed to depress the incorporation of the radioactive sub- 


} 
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strates into nucleic acid. Skipper and his colleagues (17) believe either 
that repeated injections are necessary to produce a folic acid deficiency or 
that aminopterin must be converted in the body to an active form before 
it can act as a folic acid antagonist. If this reasoning is correct, the in- 


activity of aminopterin in vitro is not surprising. 


Separation and Recombination of Particles and Supernatant of Homogenates 

In the experiment shown in Table VI, the synthesis in the extract is only 
one-third that obtained in the fresh homogenate and the recombined ho- 
mogenate. In another experiment, not recorded, the supernatant extract 
was as active as the recombined homogenate. It is thus seen that all of 
the enzymes involved in purine synthesis from glycine and formate exist 


TABLE VI 
Comparison of De Novo Synthesis of Hypozanthine in Pigeon Liver Homogenates 
and Extracts 
Incorporation of labeled substrates into 
hypoxanthines 
System 
NHsCHsC“OOH 
uM 
Fresh homogenate 0.62 1.06 
Particles and extract (recombined homoge- 0.76 1.52 
nate) 

Extract 0.26 0.35 


Each vessel contained 2 ml. of 1:2 homogenate or extract. Total incubation 
volume, 2.7 ml. Incubation time, 1 hour. Amounts of substrates added to vessels: 
glycine, 45 um; formate, 30 u. 


in a soluble form, but that in certain instances enzymes of the insoluble 
proteins act in an auxiliary but dispensable manner to increase the rate of 
hypoxanthine formation. 

Further Studies of Hypoxanthine Synthesis by Pigeon Liver Extracts 

With the finding that hypoxanthine could be synthesized de novo by the 
soluble enzymes of pigeon liver, further studies were performed to delineate 
this system. 

Ammonia and Glycine Metabolism—In Table VII it may be seen that 
during the period of incubation glycine does not disappear from the extract 
to a measurable extent in contrast to the findings with the homogenate. 
The specific activity of glycine remained constant during the incubation. 
Within the experimental error the ammonium ion was not utilized during 
incubation, whereas it had been found to disappear to a great extent in the 
homogenate. In the experiment recorded in Table VII, hypoxanthine was 
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synthesized at a relatively constant rate throughout the duration of the 
30 minute incubation. 

Reaction of Substrates in Definite Proportions for Hypozanthine Synthe- 
sis—If, in the synthesis of hypoxanthine from radioactive substrates by 
this system, the complete purine ring structure were formed de novo, one 
would expect that 1 mole of glycine, 1 mole of CO,, and 2 moles of formate 
would be incorporated into every mole of radioactive hypoxanthine formed. 
The constancy of the specific activity of the substrates of purine synthe- 
sis in the extract during incubation made possible the experimental dem- 
onstration of this relationship. In Table VIII are shown the results of 
two experiments in which CO, in one instance and formate in the other 
were compared with glycine with respect to their utilization in the ex- 


Taste VII 
Metabolism of Glycine and Ammonium Salts in Pigeon Liver Extracts — 
Hyporanthine 
Radioactive 
Time Total glycine | Specie activity Of Nn. CI present | fubstvate utilised 
synthesis 
min. c. . u. per pM pM 
0 27 10.6 21 
15 28 10.2 24 0.29 
30 28 10.4 24 0.51 


The results are expressed in terms of a vessel containing 2 ml. of 1:1.5 pigeon 
liver extract with the following additions: 31 um of glycine, 45 um of sodium formate, 
and 20 um of NH. CI. Final volume, 2.4 ml. Incubation time, 30 minutes. Actual 
total incubation volume, 180 ml. 


tract for hypoxanthine synthesis. In Experiment 1 one vessel contained 
labeled glycine and the other labeled bicarbonate. In Experiment 2 one 
vessel contained labeled glycine and the other labeled formate. The ac- 
tivity of the bicarbonate remained relatively constant during the short 
incubation. The change in formate activity was not determined but it 
was anticipated that it would not vary under these experimental conditions. 

It will be noted that the ratio of glycine-bicarbonate-formate utilization 
for purine synthesis as shown in Table VIII is 1:1:1.8. These data are 
close to the predicted ratio and illustrate the comparisons which may be 
made concerning hypoxanthine synthesis from various precursors in the 
extract. When high concentrations of substrates were used, it was also 
possible to demonstrate a 2:1 ratio of formate to glycine utilization for 
purine synthesis in the homogenate (Tables V and VI). 

The over-all metabolic behavior of the extract compared with the ho- 
mogenate has made possible a more precise formulation of the röle of 
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certain substances in the formation of purines. For example, one of us 
(J. C. S.) has shown that N'-labeled ammonia is not significantly used for 
hypoxanthine synthesis in this extract system, although experiments in 
vivo demonstrate that ammonia is used by the intact animal rapidly for 
purine synthesis (18). 
VIII 
Relative Utilization of Substrates for Purine Synthesis in Pigeon Liver Extracts 


C compound used in hypoxanthine synthesis 


Experiment No. 
NH:CH:C“OOH NaHC'0,; HC“OOH 
uM uM 
1 0.61 0.61 
2 0.18 0.33 


Ratio of substrates used 
for purine synthesis 
(glycine = )) 1.0 1.0 1.83 


In Experiment 1, each vessel contained 1.9 ml. of 1:1.5 extract. Total volume, 
2.3 ml. Additions to the vessel with glycine were 30 um of labeled glycine (specific 
activity corrected for preformed substrate 2200 c.p.m. per au), 80 um of bicarbonate, 
and 45 um of formate. Additions to the vessel containing bicarbonate were 30 uu 
of non-labeled glycine, 80 um of NaH C. O, (initial activity, 2990 c.p.m. per uM; final 
activity 2770 c.p.m. per au; average 2880), and 45 um of non-labeled formate. Incu- 
bation time, 10 minutes. 

In Experiment 2, each vessel contained 2 ml. of 1:2 extract, with additions to 
make a total volume of 2.7 ml. Additions to the vessel with glycine were 45 um of 
carboxyl-labeled glycine (1535 c. p. m. per au uncorrected for preformed substrate), 
80 um of non-labeled NaHCO,, and 30 u of non-labeled HCOONa. Additions to 
the formate vessel were 45 um of non-labeled glycine, 80 um of non-labeled NaHC0,, 
and 30 um of formate (2250 c.p.m. per au uncorrected for preformed dilution). Ineu- 
bation time, 60 minutes. e 


Non-Involvement of Acetate As Direct Precursor of Purines 


In a previous paper from this laboratory, it was reported that acetate 
could participate in the synthesis of uric acid. In a personal communica- 
tion from Dr. D. B. Sprinson, since published (19), he reported with Elwyn 
that acetate was not a precursor of the ureide carbons of uric acid in their 
experiments. This report came to us simultaneously with the finding in 
this laboratory that acetate, likewise, did not serve as a precursor of the 
ureide carbons of the purine components of nucleic acids (20) nor of allan- 
toin (21) of the rat. We therefore undertook a reinvestigation of the réle 
of acetate in purine metabolism in vivo and in vitro (10). The non-involve- 
ment of acetate in hypoxanthine synthesis in vitro may be demonstrated 
in two ways; 1.e., by the lack of incorporation of labeled acetate into 
purines and by the lack of stimulation of acetate on purine synthesis from 
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labeled glycine. The data presented in Table IX show that CH, COOH 
is not utilized to any extent for hypoxanthine synthesis, while HC“OOH 
is a ready precursor of hypoxanthine in pigeon liver homogenates under 
the same conditions. When isotopic glycine was used in the presence of 
non-radioactive acetate, the synthesis of hypoxanthine was 0.12 um per 
vessel. When non-isotopic formate was present instead of the acetate, 
0.49 um of hypoxanthine was formed. These differences may be explained 
by the stimulatory réle of formate on hypoxanthine synthesis, as may be 
seen more clearly in previous experiments (Table IV). 

Upon repeating the initial in vivo experiments, it was found that, if labeled 
acetate were prepared by the Grignard method (22) and administered to 


TABLE IX 
Non-Participation of Acetate in Hyporanthine Synthesis by Pigeon Liver Homogenates 
Total radio- OF labeled 
Vessel No. Substrates Substrate ty of activity in | compound 
c. Nm. per pM c. 
1 NH. CH,. Ci 5.4 7850 3825 0.49 
HCOONa 15 
2 HC OONa 15 1190 1710 1.44 
NH,. CH,. COOlII 5 
3 CH, Ci OONa 52.4 4150 10 0 
NH,. CH,. COO 5 
4 NH,. CH. COOH 5.4 7850 971 0.12 
CH. COONa 50 


Each vessel contained 2 ml. of 1: 1.5 pigeon liver homogenate plus additions as 
indicated above. Total volume of vessel, 2.4 ml. Incubation time, 1 hour. 


the pigeon, no radioactivity appeared in the ureide carbons of uric acid 
If, on the other hand, labeled acetate, prepared by the Walden reaction (23) 
in the manner previously used, was administered to pigeons, a large amount 
of radioactivity appeared in the ureide carbons of uric acid. However, 
this incorporation of the label can be eliminated if the acetate is previously. 
treated with mercuric oxide. This indicated that the acetate prepared 
by the Walden method was contaminated with labeled formate which arose 
as a by-product in the synthesis of acetate. Acidity of the dimethyl sulfate 
permitted the escape of a small amount of labeled NaCN as HCN which 
was distilled and converted to formic acid during the hydrolysis of aceto- 
nitrile to acetate. Pure acetic acid can be prepared by the Walden method 
if the formate by-product is removed by mercuric oxide treatment. The 
report of the appearance of Cu in the ureide carbons of uric acid after 
administering carboxyl-labeled acetate (7) was undoubtedly due to a sig- 
nificant contamination of the acetate by formate. 
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1. The synthesis of hypoxanthine from its elementary precursors is cata- 
lyzed by enzymes of the soluble proteins of pigeon liver extract. 

2. In this extract the carbon substrates, glycine, CO,, and formate, are 
utilized for hypoxanthine synthesis in the molecular proportion of 1:1:2. 

3. A comparison has been made of the metabolism of glycine and am- 
monium salts in homogenates and extracts of pigeon liver. 

4. The rate of synthesis of hypoxanthine in homogenates is enhanced by 
elevated concentrations of formate and glycine. 

5. Aminopterin does not reduce the de novo synthesis of hypoxanthine 
by homogenates. 

6. Acetate is not a direct precursor of the ureide carbons of uric acid as 


previously reported. 

7. The precipitation of hypoxanthine as a silver picrate salt has been 
found to be a reliable method for the study of the formation of hypo- 
xanthine from several of its radioactive precursors. 
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4-Amino-5-imidazolecarboxamide (1), an amine found to accumulate in 
bacterial systems poisoned either by sulfonamides (2, 3) or aminopterin 
(4), has been suggested as an intermediate of purine synthetic reactions 
(5, 6). Although the metabolic inertness of the carboxamide! in certain 
bacterial systems (7, 8) led to the belief by some (8) that this compound 
was an aberrant product of metabolism of sulfonamide-poisoned cells, cer- 
tain mutant strains of Escherichia coli? and Ophiostoma multiannulatum 
(9) as well as the normal strain of Lactobacillus arabinosus (7) may utilize 
the carboxamide for growth in a manner similar to purines. However, 
they usually require the carboxamide in greater concentration than the 
purines for equivalent growth. Williams (10) in this laboratory has more 
recently shown that labeled carboxamide is incorporated into purine com- 
pounds by the intact yeast cell and by yeast extracts. : 
The carboxamide may be utilized in vivo at a significant rate in the 
formation of uric acid by the pigeon (11) and in the synthesis of tissue 
purines as well as allantoin by the rat (12). In a preliminary communi- 
cation (11, 13), it has been shown that the carboxamide may be converted 
into hypoxanthine by pigeon liver homogenates. Since Greenberg (14, 
15) has shown that inosinic acid may be an intermediate in the de novo 
synthesis of hypoxanthine from formate, we have further studied the con- 
version of the carboxamide to hypoxanthine in pigeon liver homogenates 
and extracts in order to determine whether ribotide formation is involved 
in carboxamide metabolism. Evidence is presented indicating that the 
units of ribose and phosphate are added to the carboxamide prior to ring 
closure with formic acid, implicating the involvement of 4-amino-5-imid- 


* Aided by grants from the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, and the Damon Runyon Memorial 
Fund for Cancer Research, Inc. C allocated by the Atomic Energy Commission. 

t Fellow in the Medical Sciences of the National Research Council, 1949-50. 
Present address, Department of Biochemistry, State University of New York, Med- 
ical Center at Syracuse University, Syracuse, New York. 

' 4-Amino-5-imidazolecarboxamide will be referred to as carboxamide. 

1 Davis, B. E., unpublished work. 
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azolecarboxamide ribotide or a formyl derivative of this compound in 
the synthesis of hypoxanthine by this system. 
EXPERIMENTAL 


The experiments reported below involve for the most part incubating 
radioactive glycine or 4-amino-5-imidazolecarboxamide with pigeon liver 
homogenates or extracts in the presence of inosinic acid and hypoxanthine 
or inosine, isolating these latter compounds after a short incubation period, 
and measuring their specific activities. 

The preparation of the homogenate and extract has been described previ- 
ously (16). Incubations, frequently on a large scale, were carried out in 
a 38° water bath, although the temperature of the contents of flasks incu- 
bated under the above conditions for short periods of time usually never 
reached this value. At the conclusion of incubation the flasks were usually 
immersed into a rapidly boiling water bath to stop the reaction. After 
the proteins coagulated, the mixture was transferred to a large centrifuge 
tube and the clear liquid removed by centrifugation. The protein residue 
was washed several times with water and the washings combined with the 
original supernatant. The isolations of inosinic acid, inosine, and hy- 
poxanthine were carried out on this supernatant. 

Isolation Procedures, Inosinic Acid—After adjustment of the pH to 9.0 
with NaOH, the supernatant was placed on a column of Dowex 1 (chloride) 
of 300 to 500 mesh, 11 ml. in volume and 12 cm. in length. The resin was 
prepared by preliminary washings with n HCl, water, 5 per cent sodium 
carbonate, water, and N HCl in the order named. The resin was then 
exhaustively washed with water until the washings were chloride-free and 
neutral to litmus. After passage of the supernatant through the column 
at a rate of 0.5 to 1.0 ml. per minute, the column was washed with water 
until the optical density of the effluent at 250 my decreased to 1 to 2 units 
per ml. when measured in a cell with a 1 cm. light path. HCl (0.005 n) was 
then passed through the column to elute the purine compounds. A typical 
elution curve in which optical density is plotted against effluent volume 
is shown in Fig. 1, where it may be seen that inosinic acid was sharply 
separated from hypoxanthine. In other experiments involving both hy- 
poxanthine and inosine, these two compounds were eluted at the same time 
from the column, and were therefore not separable on the Dowex | resin. 
The identity of materials eluted from the column may be ascertained by 
determining the ratio of light absorption at 250 to 265 my. These ratios 
for inosinic acid, inosine, and hypoxanthine are respectively 2.22, 2.31, 

* We wish to thank Dr. Waldo E. Cohn for providing us with unpublished informa- 
tion on the separation of inosinic acid from inosine and hypoxanthine on the Dowex 
1 resin column. 
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and 1.81. There is a component eluted from the column between inosinic 

acid and hypoxanthine which is a natural constituent of tissues and has a 

ratio of absorption at wave-lengths 250 to 265 my of approximately 1. 
The inosinic acid fraction eluted from the resin column was neutralized 


an excess of solid barem ensbonate, heated to boiling, Slteved while 


hot, and the filtrate concentrated to dryness in vacuo at 40°. The barium 
inosinate was taken up in a small volume of water and allowed to crystallize 
overnight in the cold room. These crystals were washed with small por- 
tions of cold water and then recrystallized from water and again washed. 


| HYPOXANTHINE 
FRACTION 
2 INOSINIC ACID 
FRACTION 
8 
lo} | 


. VOLUME OF EFFLUENT IN ML. 


Fia. 1. Separation of inosinic acid from hypoxanthine on the Dowex 1 resin col- 
umn. O, E at 250 my; X, E at 265 ma. Volume of resin column, II ml.; 12 em. in 
length; 300 to 500 mesh. 


After drying they were then ready for radioactivity and spectrophotometric 
analysis. 

Separation of Hypoxanthine and Inosine—In experiments in which non- 
radioactive inosinic acid and inosine were incubated together, appreciable 
amounts of this latter compound had been converted into hypoxanthine. 
The “hypoxanthine fraction” from the resin (Fig. 1), therefore, contained 
both inosine and hypoxanthine. This fraction was neutralized with NaOH, 
evaporated to a small volume under reduced pressure, added to sufficient 
n-butanol so that a saturated butanol solution was obtained, and then 
placed on a starch column (17). 400 gm. of purified potato starch (Amend 
Drug and Chemical Company, New York) were employed in columns 5.2 
cm. in diameter. The hypoxanthine and inosine were eluted from the 
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column with a butanol-water system after approximately 800 and 1800 ml. 
of solvent, respectively, had passed through the column. The separation 
was very sharp, since the ultraviolet absorption dropped to zero between 
the emergence of the two purine compounds from the column. The frac- 
tions used for further purification had proper spectrophotometric ratios of 
light absorption at the wave-lengths of 262 and 248 my. These separate 
fractions were concentrated to dryness in vacuo at 40°. The hypoxanthine 
was dissolved in water and the solution decolorized with charcoal and fil- 
tered. The hypoxanthine was precipitated by evaporating the solution 
to smaller volume. This precipitate was washed with water and dried. 
The inosine was taken up in a small volume of water and crystallized in 
the cold room overnight from aqueous alcohol solution to which a small 
quantity of ether was added to induce crystallization. It was similarly 
recrystallized, washed, and dried. The melting point of the purified inosine 
was the same as that of an authentic sample. 

In experiments in which non-radioactive inosinic acid and hypoxanthine 
were incubated with pigeon liver homogenates, the amount of inosine 
formed during these experiments was too small to be isolated by our pro- 
cedures. The hypoxanthine fraction obtained from the resin was found 
free of inosine when analyzed by the methods of Kalckar (18). This 
hypoxanthine was purified in the same manner as described above, except 
that prior to placing it on the starch column the hypoxanthine was pre- 
cipitated as the gelatinous silver salt from ammoniacal solution, washed as 
described by Edson et al. (19), and reconverted to hypoxanthine by addi- 
tion of HCl. 

Analysis of Isolated Compounds; Radioactivity Measurements The radio- 
active measurements were made with a thin mica window counter. Com- 
pounds were usually plated directly without conversion to barium carbo- 
nate. The samples were plated on small weighed metal planchets (4.9 sq. 
cm. in area), counted to a standard error of 5 per cent, and corrected for 
self-absorption. 

Spectrophotometric Analysis—All the compounds which were analyzed 
for radioactivity were dissolved in water and routinely analyzed with the 
Beckman model DU spectrophotometer. In all instances the compounds 
isolated were found to be pure when compared to the molecular extinction 
coefficients of authentic samples (Table I). Barium inosinate crystallizes 
from water with water of crystallization (20). Samples of the hydrate 
were used for counting, but were dried for at least 1 hour at 110° before 
spectrophotometric analysis of the resulting anhydrous compound. 

Contamination Experiments—When radioactive carboxamide was mixed 
with other non-radioactive additions and portions of boiled homogenate 
in control experiments, the barium inosinate and hypoxanthine were free 
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of contaminating radioactivity when isolated from appropriate fractions 
eluted from an ion exchange column. When hypoxanthine and inosinic 
acid were placed on the Dowex 1 (chloride) column under the conditions 
of our experiment, all of the inosinic acid was retained by the column and 
could be eluted as indicated in Fig. 1. Only a part of the hypoxanthine, 
however, was retained by the column. The portion that was not retained 
was found together with the main portion of the radioactive carboxamide 
in the initial eluates of the wash water prior to addition of 0.005 N HCl to 
the column. When this hypoxanthine, containing carboxamide, was fur- 
ther purified by procedures involving precipitation as the silver salt from 


I 
Spectrophotometric Data of Inosinic Acid, Inosine, and Hypozanthine in Neutral 
Aqueous Solution 
Molecular extinction coefficients X 10 at indicated wave-lengths 
Substance 
248 m- 250 mp 262 mp 265 mp 
Inosi nie acid. ................. 1.23 1.23 0.67 0.56 
1.18 1.18 0.60 0.51 
Hypoxanthine................. 1.05 1.05 0.71 0.58 


All compounds were dried to constant weight before analysis. Both hypoxan- 
thine (synthetic preparation from Hoffmann-La Roche) and inosine (Nutritional 
Biochemicals Corporation) had absorption maxima at 250 my as reported by Kalckar 
(18) under similar conditions of measurement. The measurement of the molecular 
extinction coefficient of inosinic acid was made on the anhydrous barium salt 
(C\cH,,O,N,PBa; molecular weight, 483) after drying of the sample to constant 
weight. When analyzed for nitrogen by the Kjeldahl method, this sample contained 
96 per cent of the theoretical nitrogen content. 


ammoniacal solution and starch chromatography, it was contaminated by 
small amounts of the accompanying radioactive carboxamide. However, 
the hypoxanthine fraction, which adhered to the column and which was 
eluted with 0.005 n HCl as indicated in Fig. 1, was already free of car- 
boxamide so that after further purification by the above steps it no longer 
contained radioactive contamination. Hypoxanthine was isolated from 
this latter fraction in the experiments of this paper in which barium inosi- 
nate, inosine, and hypoxanthine were isolated for comparison of their radio- 
activity. In the experiments reported in Table IV, the hypoxanthine was 
not separated from carboxamide by preliminary treatment on the resin 
column and was therefore contaminated to a small degree with radioactive 
substrate. 

When samples of inosinie acid and hypoxanthine and boiled homogenate 


— ́ — ĩ2— — —— ²ĩͥ1 ——ñßòßů—v'. 3“')X“ln 
1 
7 


518 BIOSYNTHESIS OF PURINES. II 


were mixed with either radioactive formate or glycine and isolated by the 
above procedures, they were free of contaminating radioactivity. 

Preparation of Materials Used—4-Amino-5-imidazolecarboxamide‘ labeled 
in the 4 position with CW was synthesized by the method of Miller, Gurin, 
and Wilson (12). C'-Hypoxanthine was prepared biologically by incu- 
bating glycine-2-C™ with pigeon liver homogenates. Hypoxanthine carrier 
was added to the homogenates at the conclusion of the experiment and the 
hypoxanthine precipitated with ammoniacal silver nitrate. Free hypoxan- 
thine was obtained from the silver ammoniacal salt and purified by passage 
through a starch column as described above. Inosinic acid was prepared 
as the barium salt by reacting adenosine-5-phosphate (Schwarz Labora- 
tories) with adenylic acid deaminase (21) in a succinate buffer at pH 5. 
The solution was made acid with HCl to pH 2, neutralized with an excess 
of solid BaCO;, heated to boiling, and filtered. Upon evaporation of the 
solution and chilling overnight, barium inosinate crystallized out. The 
product was recrystallized before use, washed with alcohol and ether, and 
dried at 110°. Inosine was obtained from the Nutritional Biochemicals 
Corporation; hypoxanthine, prepared synthetically, from Hoffmann-La 
Roche; and glycine-1-C™ and glyeine-2-C from Tracerlab, Inc. 

RESULTS AND DISCUSSION 

Preliminary Studies with 4-Amino-5-imidazolecarboramide with Homog- 
enates and Extracts—Incubation of 4-amino-5-imidazolecarboxamide with 
pigeon liver homogenates results in a disappearance of the compound dur- 
ing the course of the incubation. Usually the carboxamide was not me- 
tabolized appreciably by the tissue without the addition of a-ketoglutarate. 
This may be seen in the experiments of Table II in which the disappearance 
of the carboxamide, as measured by the Bratton-Marshall method for 
diazotizable amine (22), was stimulated several fold by the addition of 
a-ketoglutarate. Occasionally, inactive tissue preparations were encoun- 
tered and more infrequently the carboxamide was metabolized without 
a-ketoglutarate. In these cases, the a-ketoglutarate exerted no additional 
effect on the metabolism of the carboxamide, a fact which might be ex- 
plained by the presence of a-ketoglutarate or its metabolic equivalents in 
sufficient concentration in the tissue preparation to cause optimal me- 
tabolism of the carboxamide without added substrate. It may also be 
seen in Table II that the disappearance proceeds well in the cell-free super- 
natant of the homogenate and is not dependent on the presence of the 


We wish to thank Dr. S. Gurin and Dr. C. S. Miller of this department for samples 
of radioactive and non-radioactive 4-amino-5-imidazolecarboxamide, and Dr. E. XI. 
Schultz of Sharp and Dohme Company for samples of the non-radioactive com- 
pound. 
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mitochondria or microsomes or nuclear material. The preparation re- 
mained active upon standing for short periods of time at 0°. 

Conversion of C'-Carbozamide to CI. Hyporanthine in Homogenates and 
Extracts—When labeled carboxamide was incubated with pigeon liver ho- 
mogenates for a period of 60 to 90 minutes, the hypoxanthine isolated after 
the addition of carrier was found to be appreciably radioactive. In Experi- 
ment 1, Table III, sufficient data were collected to estimate the percentage 
of the metabolized carboxamide which was converted into hypoxanthine. 

In Experiment 1, Table III, approximately 77 per cent of the carbox- 
amide metabolized was converted into hypoxanthine. In Experiments 2 


Taste II 


Effect of a-Ketoglutarate on Carbozamide Metabolism and Comparison of 
Disappearance of Carbozamide in Homogenates and Clarified Extracts of 
Pigeon Liver 
The values are given in micromoles. 


Carboxamide disappearing 
System a-Keto- 
ment 1 | ment 2 | ment 3 EU 
Homogenate — 0.10 | 0.12 | 0.00 
+ 0.52 | 0.49 | 0.39 0.39 | 0.54 
Extract + 0.58 | 0.72 | 0.29 
Recombined homogenate + 0.57 | 0.45 | 0.58 


All the vessels contained initially 3 to 4 um of carboxamide, 2 ml. of 1:2 homoge- 
nate, and 30 um of a-ketoglutarate when indicated. Vessels of Experiments 4, 5, 
and 6 contained in addition 15 us of sodium formate and 5 au of glycine; final volume 
of all the vessels, 2.4 ml.; time of incubation, I hour; 38°. 


and 3 reported in Table III, the amount of hypoxanthine produced by the 
tissue during incubation was not measured, so that the values for the 
amount of hypoxanthine formed from the labeled carboxamide are calcu- 
lated on the basis of the amount of added carrier only and are therefore 

It is of importance to note that in Experiment 3, Table III, the homoge- 
nate was centrifuged at 100,000 X g for 20 minutes and the reaction was 
carried out by the enzymes of the clear supernatant. This tracer experi- 
ment as well as the non-radioactive experiments recorded in Table II 
demonstrate that the disappearance of the carboxamide and its conversion 
to hypoxanthine are catalyzed by enzymes of the soluble protein fraction 
of the pigeon liver and are independent of the insoluble protein of the 
homogenate. 
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In Experiments 1 and 2, Table III, the amount of the radioactive CO, 
resulting from the oxidation of the carboxamide or its metabolic products 
was measured and found to be negligible. This is in striking contrast to 
the large amount of labeled glycine that was oxidized to CO, in the same 
system which utilizes the glycine for purine synthesis. It is thus evident 
that glycine was not being first formed enzymatically from the carboxamide 
during conversion to hypoxanthine. If such were the case, it would have 


Tasie III 
Carboramide Utilization and Hyporanthine Formation by Pigeon Liver Homogenates 
and Extracts 
Specific activity, [Total hypoxanthine, | 
c. p. m. per n Car- 
Experi- System boxamide | formation 
ment No. metabo- | from car * 100 
Isolated | Initial Carrier | Endose lized, an ide,| e 
(a) (b) (c) 4) (e) 0 
1 Homogenate 10.8 407 552 125 23.4 18 77 
2 * 14.6 467 330 16.6 10.3 
3 Ext ract 12.4 407 552 16.8 


Experiment 1, incubation volume, 65 ml. containing 21 gm. of homogenized liver, 
210 um of Na formate, 260 um of a-ketoglutarate, 78 au of labeled carboxamide; Ex- 
periment 2, incubation volume, 77 ml. containing 25 gm. of homogenized liver, 250 
um of Na formate, 310 um of a-ketoglutarate, 93 um of labeled carboxamide; Experi- 
ment 3, incubation volume, 72 ml. containing extract from 23 gm. of liver, 230 um of 
Na formate, 285 um of a-ketoglutarate, 48 um of labeled carboxamide. Incubation 
time 1 hour for Experiment 3, 1.5 hours for Experiments 1 and 2; 38.5°; 95 per cent 
O:-5 per cent CO;. In these experiments hypoxanthine was isolated as the silver 
ammoniacal salt and purified on the starch column by using the butanol-water 


system. 


been anticipated that a considerable portion of the radioactivity of the 
metabolized carboxamide would have appeared in the CO, of the medium. 

Stimulation of Incorporation of HC“OOH into Hyporanthine by Non- 
Labeled 4-Amino-5-imidazolecarboramide in Pigeon Liver Extracts—Synthe- 
sis of hypoxanthine from labeled formate proceeds in the presence of the 
soluble enzymes of the supernatant of the pigeon liver homogenate (16). 
The data in Table IV demonstrate that the inclusion of normal carboxamide 
in the incubating medium results in a stimulation of the amount of labeled 
formate incorporated into hypoxanthine in this system. In this experi- 
ment, 0.57 um of carboxamide disappeared. In the presence of non-radio- 
active carboxamide the amount of radioactive formate incorporated into 
hypoxanthine was 0.54 um as compared to 0.19 au in the vessel without 
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carboxamide. This stimulation of formate utilization due to the presence 
of the carboxamide, which amounts to 0.35 um, compares favorably with 
the amount of metabolized carboxamide (0.57 um). If the assumption is 
made that, as in Experiment 1, Table III, only 77 per cent or 0.44 um of 
the disappearing carboxamide is converted into hypoxanthine, then these 
data suggest even more clearly that in the extract carboxamide and formate 
react approximately mole for mole to form hypoxanthine. 
Non-Formation of Radioactive 4-Amino-5-imidazolecarboramide during 
Hyporunthine Synthesis from Labeled Glycine—Since labeled carboxamide 
forms hypoxanthine, the possibility existed that it is a direct intermediate 
in the conversion of glycine to purine. This was tested by incubating 
TasLe IV 


Influence of 4-Amino-5-imidazolecarbozamide on Incorporation of HC'‘OOH into 
Hypozranthine in Clear Extracts of Pigeon Liver 


of Carboxamide 
Vessel No. Additions substrate in due 
te into 2 to presence disappearance 
l Glycine, 5 um 0.19 
a-Ketoglutarate, 30 um 
2 Glycine, 5 um 0.54 0.35 0.57 
Carboxamide, 3 um 


* Isolated by the silver hypoxanthine picrate method and the amount of labeled 
substrate incorporation calculated as previously described (16). 

Each vessel contained 2 ml. of extract from 1:1.5 pigeon liver homogenate; 15 
au of labeled sodium formate, plus additions indicated above; volume of vessel, 
2.5 ml.; incubation time, 1 hour; 38°; 95 per cent 03-5 per cent CO, 


labeled glycine with the homogenate in the presence of a bank of normal 
carboxamide. The hypoxanthine and carboxamide were isolated at the 
end of an hour’s incubation. As is shown in Table V, little or no radio- 
activity was incorporated into the reisolated carboxamide in the same 
system that was rapidly synthesizing radioactive hypoxanthine from radio- 
active glycine (13, 15). Moreover, the incorporation of glycine into hy- 
poxanthine was not affected by the presence of a bank of normal carbox- 
amide. 

The conversion of carboxamide to hypoxanthine, however, is of the same 
order of magnitude as the conversion of formate and glycine. The carbox- 
amide, as mentioned before, also stimulates the incorporation of formate 
into purine. We were led to believe, therefore, that a derivative of the 
carboxamide, and not the carboxamide per se, was involved as a direct 
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intermediate of hypoxanthine synthesis from glycine. In this same con- 
nection is the report by Greenberg (15) that the addition of phosphorylated 
derivatives of ribose stimulates the synthesis of hypoxanthine from radio- 
active formate. In his experiments in which inosinic acid, inosine, and 
hypoxanthine were isolated by paper chromatographic techniques from 
homogenates, the specific activities of these three compounds change in 
such a manner as to indicate that inosinic acid is an intermediate in the 
synthesis of hypoxanthine from labeled formic acid. Similar results re- 
ported below have been obtained in this laboratory by using labeled glycine. 
Although, as shown in a previous report (23), the reactions of inosinic acid 


TaBLe V 
Non-Formation of 4-Amino-6-imidazolecarbozamide during Purine Synthesis from 
NH. CH. COOH in Pigeon Liver Homogenates 


Compounds isolated, total c.p.m. per 
Vessel No. 
Hypozanthine Carboxamide 
1 Control 998 
2 4-Amino-5-imidazolecarboxamide, 6 um 1008 30° 


* This value is corrected for contamination by NH:CH;C'*OOH amounting to 
78 c.p.m. per total amount of carboxamide picrate. Melting point of 4-amino-5- 
imidazolecarboxamide picrate (238-240° decomposition). 

Each vessel contained 2 ml. of 1:1.5 pigeon liver homogenate; 5.4 ym of 
NH, CH, COOH (specific activity, 7850 c.p.m. per um of glycine), 15 u of sodium 
formate, 30 um of a-ketoglutarate, plus the addition of carboxamide in Vessel 2. 
' Incubation volume, 2.5 ml.; 10 mg. of hypoxanthine or carboxamide added as carrier 
at end of 1 hour incubation and isolated as silver picrate (16) or picrate derivatives 


respectively. 


and radioactive formate are more involved than originally thought, the 
available evidence is consistent with the hypothesis that ribotide formation 
is a step in the biosynthesis of hypoxanthine from formate and glycine. 
Evidence is presented below for the belief that ribotide formation of the 
carboxamide is likewise a step in its conversion to hypoxanthine. 
Enzymatic Interconversion of Inosinic Acid and Hyporanthine—In order 
to demonstrate whether ribotide formation is a necessary step in the syn- 
thesis of purine bases, experiments were carried out in which inosinic acid 
and hypoxanthine were incubated with labeled substrates. In view of the 
enzymatic interconversions of hypoxanthine, inosine, and inosinic acid re- 
ported by Kalckar (18) and Greenberg (15), a preliminary investigation 
was undertaken to determine the rapidity of inosinic acid and hypoxanthine 
interconversion under our experimental conditions. In order to interpret 
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our data from experiments with labeled carboxamide and glycine, it would 
be necessary that a complete equilibration of inosinic acid and hypoxan- 
thine did not occur in the course of the incubation. Thus, if hypoxanthine 
had been formed from labeled glycine and carboxamide directly without 
ribotide involvement, the isolated hypoxanthine should have had a greater 
specific activity than the isolated inosinate, provided that equilibrium be- 
tween inosinate and hypoxanthine had not occurred. On the other hand, 
if ribotide formation had been involved in the formation of the completed 
purine skeleton, the inosinic acid should have had a greater specific activity 
than the hypoxanthine. 

The interconversion of inosinic acid and hypoxanthine is demonstrated 


Taste VI 
Conversions of 4-Amino-5-imidazolecarbozamide and VH. CH. COOH to 
Hypozanthine via Inosinic Acid 
Specific activity of compounds isolated, c.p.m. per mm 

Vessel No. Labeled substrate Experiment 1 Experiment 2 
1 NH. CH, 1840 626 2420 600 
2 C'*-Hypoxanthine 7780 16,720 6240 15,200 
3 C'*-Carboxamide 2530 610 2660 432 


In Vessels 1 and 2, the incubation mixture was composed of 75 ml. of 1:1.5 pigeon 
liver homogenate, 540 um of Na formate, 670 um of glycine, 376 um of Na inosinate, 
900 um of a-ketoglutarate, 552 um of hypoxanthine. Vessel 3 had all the above 
additions except glycine, plus 120 um of labeled carboxamide. Incubation time, 6 
minutes; 38.5°. Total volume, 110 ml. 


by the results shown in Table VI, Vessel 2, where labeled hypoxanthine 
was incubated with non-radioactive inosinic acid. The specific activity 
of the inosinic acid was 47 per cent that of the final hypoxanthine in one 
experiment and 41 per cent in the second. Thus, within this 6 minute 
incubation period, the equilibration between inosinic acid and hypoxanthine 
was significant but far from complete. This incubation time was there- 
fore used in the experiments with radioactive carboxamide and glycine 
reported below. It is believed that differences in the specific activities of 
the isolated hypoxanthine and inosinate formed from labeled substrates 
could be interpreted successfully under these experimental conditions. 

Réle of Inosinic Acid in Conversion of NH. CH. COH and CM. Carbox- 
amide to Hypozanthine and Inosine—Since a great part of the incorporation 
of formic acid into hypoxanthine and its derivatives may not represent 
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de novo synthesis of purines when inosinic acid is present in significant 
amounts in the incubating medium (23), it was decided to compare the 
incorporation of NH-: CH- COOH and 4-amino-5-imidazolecarboxamide-4- 
Ci because both of these labeled compounds would form radioactive hy- 
poxanthine labeled in the 4 position. As mentioned in the preceding 
discussion, incubations of the labeled substrates were carried out in the 
presence of banks of normal inosinic acid and hypoxanthine for short periods 
of time. The inherent assumption is made that the labeled purine sub- 
stances formed are in equilibrium with their respective non-radioactive 
banks. 

In making the comparisons with the various labeled compounds shown 
in Tables VI and VII, incubations within each experiment were carried 
out at the same time with aliquots of the same liver homogenates, thus 


Tasie VII 
Conversions of 4-Amino-&-imidazolecarb ide and VH. CH. COOH to 
Hypozanthine and Inosine via Inosinic Acid 
Compounds isolated, c. pm. per mu 
Labeled substrate 
Inosinic acid Inosine Hypoxanthine 
NH CH. OU ll... 667 123 135 
C'*-Carboxamide.................. 2040 817 555 


The additions to the flask and incubation time were the same as for Vessels | and 
3, Table VI, except that the hypoxanthine was omitted and replaced by an equi- 
molar quantity of inosine. 


eliminating as nearly as possible variations of experimental conditions. 
As is seen in Table VI, the inosinic acid isolated at the conclusion of the 
experiment had a specific activity three to six times greater than that of 
the isolated hypoxanthine. In another experiment (Table VII) in which 
the same radioactive compounds were incubated with normal inosinic acid 
and inosine, the inosinic acid isolated at the conclusion of the experiment 
had a specific activity several times greater than either the residual inosine 
or its metabolic product, hypoxanthine. 

A primary object of these experiments was to demonstrate the similarity 
of the mode of incorporation of glycine, a known precursor of the purines, 
and the carboxamide into the purine skeleton. Since the C from the 
labeled compounds was incorporated into inosinic acid to a much greater 
extent than into either inosine or hypoxanthine, the conclusion must be 
drawn that glycine and the carboxamide have some metabolic steps in 
common during their conversion to the purine base and that ribotide 
formation is a required step in the formation of the purine ring. 
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One common intermediate of glycine and the carboxamide is presumed 
to be a ribotide of 4-amino-5-imidazolecarboxamide or its formylated de- 
rivative (Fig. 2). The data indicate that ring closure with formate is the 
last step in the synthesis of the completed purine structure. This conclu- 
sion is reached because the isolated inosinic acid of the above experiments, 
and not the hypoxanthine or inosine, had the highest specific activity. 
It is therefore necessary to formulate a reaction of the carboxamide with 
the units of ribose and phosphate before ring closure with formic acid is 
effected. If the ring closure with formic acid to form hypoxanthine oc- 
curred before addition of ribose and phosphate, the specific activity of the 


GLYCINE — 
CARBOXAMIDE+ * CARBOXAMIDE 
(B) +ribose 
+ *+phosphate 
+ ribose 
4-AMINO-5- IMIDAZOLE * phosphate 
or (6) CARBOXAMIDE RIBOTIDE 


(A) 


“AMINO-S-IMIDAZOLE 1. 
CARBOX 
closure) 


ACIO 


Fid. 2. Pathways of purine synthesis in pigeon liver 


hypoxanthine or inosine bank should have been greater than that of the 
inosinic acid. The data do not, however, distinguish between the formation 
of inosinic acid via pathway A or B, as shown in Fig. 2. 


We are indebted to Miss Haline Wasilejko and Mr. Bruce Levenberg 
for their able assistance during the course of this work. 
SUMMARY 
1. When 4-amino-5-imidazolecarboxamide was incubated with pigeon 
liver homogenates or particulate-free extracts in the presence of a-ketoglu- 
tarate, there was an appreciable utilization of the carboxamide for hypo- 


xanthine synthesis. In the extract, formate and carboxamide may react 
approximately mole for mole in the synthesis of hypoxanthine. ° 


i 

HCOOH 
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2. Radioactive 4-amino-5-imidazolecarboxamide is not formed from 
NH, CH, COH in pigeon liver homogenates. 

3. When either radioactive glycine or carboxamide was incubated with 
pigeon liver homogenates in the presence of normal inosinic acid and inosine 
(or hypoxanthine), the specific activity of the inosinic acid after short 
incubation was considerably greater than that of the residual inosine or 
hypoxanthine. 

4. These results indicate that (a) inosinic acid is an intermediate in the 
synthesis of hypoxanthine from radioactive glycine and from 4-amino-5- 
imidazolecarboxamide and that the units of ribose and phosphate are added 
to the compounds prior to ring closure in the 2 position of the purine base 
with formic acid. (b) Although the carboxamide is probably not an inter- 
mediate of purine synthesis from glycine, it is converted to a non-purine 


intermediate which may be 4-amino-5-imidazolecarboxamide ribotide or its 
formylated derivative. 
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In a previous report (8) it was shown that bacterial extracts contain 

an enzyme, phosphotransacetylase, that catalyzes the reversible reaction! 

Acetyl P + CoA = acetyl CoA + inorganic phosphate (1) 

This enzyme hhs assumed considerable importance in studies of enzymatic 

acetylations since the coupling of Reaction 1 with specific CoA-linked 

acetyl acceptor enzyme systems (1, 3, 8-10) permits the use of acetyl 
phosphate as a source of acetyl groups. 

In the present paper a partial purification of transacetylase from ex- 
tracts of Clostridium kluyveri is described and some properties of the en- 
zyme are presented. 

Materials and Methods 


Procedures used for the synthesis (7) and estimation of acetyl P (2), 
the estimation of protein and coenzyme A (8), the growth of C. kluyveri, 
and the preparation of dried cells and cell-free extracts of this organism (5) 
have been described previously. The tris salt of acetyl P used in some of 
the experiments was prepared by neutralizing acetylphosphoric acid with 
tris(hydroxymethyl) aminomethane. The acetylphosphoric acid was ob- 
tained by passing an ice-cold solution of lithium acetyl P through an ion 
exchange resin (Duolite C-3) in the free acid form. 

1 unit of transacetylase is defined as the amount of enzyme required to 
catalyze the arsenolysis of 1 ym of acetyl P in 15 minutes under standard 
conditions (8). The method of measuring transacetylase activity has al- 
ready been described (8). 


Purification of Enzyme 
Ethanol Fractionation—Cell-free extracts of C. kluyveri, adjusted to 0.01 
M potassium phosphate (pH 6.6) and 0.2 m potassium chloride, were cooled 
* This investigation was initiated in the laboratory of Dr. Fritz Lipmann, Massa- 
chusetts General Hospital, Boston. 
The following abbreviations are used in this report: acetyl phosphate, acety! P; 


coenzyme A, CoA; tris (hydroxymethyl)aminomethane, tris; phosphotransacetylase, 
transacet ylase. 
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to 0° and, with stirring, cold absolute ethanol (—20°) was added until a 
concentration of 50 volumes per cent was reached (8 to 10 minutes). The 
supernatant obtained by centrifuging for 5 minutes at 12,000 r.p.m. in 
a Servall centrifuge was adjusted to an ethanol concentration of 58 volumes 
per cent and centrifuged as above. All operations were carried out in a 
cold room at about 1°. The temperature of the extract after the first 
alcohol addition was 10° + 2° and ined at this temperature through- 
out the subsequent operations. The -all time was 20 to 30 minutes. 
The precipitates were suspended in 0.05 u phosphate buffer (pH 7.2) and 
the insoluble material was removed by centrifuging. 

Since careful control of time and temperature is of utmost importance 
in the above fractionation procedure, it has been found impracticable to 
attempt fractionation of large volumes of extract in one operation. Usu- 


I 
Purification of Transacetylase by Alcohol Precipitation 
per cent mi. mg. wnils per mg. total units per cent of added 
0 78 2850 8.3 23,700 100 
0-50 32 1010 11.7 10,800 45 
50-58 15 130 80.0 10,400 44 
Total recovery......... 1140 = 40% 21,200 = 89% 


ally 75 to 100 ml. of extract were taken and the fractions from several lots 
were pooled before proceeding to the ammonium sulfate fractionation de- 
scribed below. 

Table I presents the results of protein and enzyme activity measurements 
on samples from a typical alcohol fractionation. The data show that the 
fraction precipitating at between 50 and 58 per cent ethanol concentrations 
contains over 50 per cent of the initial enzyme activity and represents a 
10-fold purification of the enzyme. Much of this purification is probably 
the result of denaturation of contaminating protein, as is indicated by the 
fact that the over-all recovery of soluble protein is only about 40 per cent. 
When similar fractionations were made at lower temperatures (0 to — 10°), 
almost complete recovery of soluble protein was obtained with only a 2- 
or 3-fold purification of transacetylase. 

Acid Ammonium Sulfate Fractionation—Several lots of the protein frac- 
tions precipitating at between 50 and 58 per cent ethanol were pooled. 
The pH of the solution (in 0.05 M phosphate) was adjusted to 6.7. The 
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solution was brought to 20 per cent saturation with ammonium sulfate. 
A saturated solution of acid ammonium sulfate (prepared by mixing 3 ml. 
of concentrated sulfuric acid with 1 liter of saturated ammonium sul- 
fate solution) was then added slowly until the desired concentration was 
reached. After addition of the ammonium sulfate, the solution was stirred 
15 minutes and centrifuged in a Servall centrifuge at 12,000 r.p.m. Three 
protein fractions, precipitating at between 0 and 45 per cent, 45 and 
49 per cent, and 49 and 70 per cent saturation with respect to ammonium 
sulfate, were collected. The fractionation was carried out in a cold room 
at 1°. The precipitates were dissolved in 0.2 M phosphate or tris-HCl 
buffer (pH 8.0) and stored at —20°. Stored samples show little loss of 
enzyme activity, even after several months. The dissolved samples were 
not dialyzed, since all attempts to dialyze the purified fractions have re- 


Tant II 
Purification of Transacetylase by Acid Ammonium Sulfate Precipitation 
124 ml. mg. per mg.| total units | cont of 

0 70 6.7 85 31,000 100 
0-45 11 4.4 100 14 1,400 5 
45-49 11 3.8 6 36 7,800 25 
49-70 10 3.0 19 950 18,100 58 

Total recovery.................. 335 = 92% 27,300 = 88% 


sulted in losses of activity which could not be restored by the addition of 
known cofactors or by boiled cell extracts. 

Results of a typical ammonium sulfate fractionation are given in Table 
II. The data show that about 50 per cent of the transacetylase activity 
is precipitated at between 49 and 70 per cent saturation. The specific 
activity of this fraction is about 12 times greater than the starting material 
obtained from the alcohol step. Thus alcohol fractionation followed by 
ammonium sulfate fractionation results in an over-all purification of the 
enzyme of 100- to 120-fold, with a yield of about 25 per cent. 

Properties of Purified Transacetylase. Coenzyme A Dependence—The pu- 
rified transacetylase preparations are completely resolved with respect to 
CoA and will not catalyze the arsenolysis of acetyl P unless CoA is added. 
The data summarized in Fig. 1 show that the rate of arsenolysis of acetyl P 
at a given enzyme level is directly proportional to the CoA concentration 
over the range of 0 to 20 units of CoA per ml. In other experiments at 
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lower enzyme levels, proportionality between enzyme activity and CoA 
concentration has been shown to extend to a level of 200 units of CoA 
per ml.; as yet all attempts to saturate the enzyme with CoA have been 
unsuccessful. 

Enzyme Concentration—Results of experiments on the influence of en- 
zyme concentration on the arsenolysis of acetyl P are presented in Fig. 2. 
The data show that the rate of arsenolysis is directly proportional to the 
enzyme concentration at any given CoA level. 
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Fic. 1. The influence of coenzyme A concentration on the rate of arsenolysis of 
acetyl P. Conditions, 0.05 m potassium arsenate; 0.1 m tris hydrochloride buffer 
(pH 8.0); 25 um of acetyl P; 0.01 m cysteine; CoA (177 units per mg.) and units of 
transacetylase (740 units per mg.) as indicated by the numbers on the curves. Total 
volume, 1.0 ml. The ordinate refers to micromoles of acetyl P decomposed in 10 
minutes at 28°. 

Fic. 2. The influence of transacetylase concentration on the rate of arsenolysis 
of acetyl P. Conditions as in Fig. 1. The numbers on the curves refer to units of 
CoA per ml. 


A consideration of the data presented in Figs. 1 and 2 has revealed 
that the rate of arsenolysis is directly proportional to the product of the 
enzyme and coenzyme concentrations (Fig. 3). It appears, therefore, that 
under the present experimental conditions the rate of arsenolysis of acetyl P 
is determined by the rate of formation of CoA-enzyme complex. In ad- 
dition the inability to saturate the enzyme with CoA, even with high 
concentrations of the latter, indicates that the coenzyme-enzyme complex 
is highly dissociable. 

Cation Requirement—In the course of some joint experiments with Dr. 
J. Stern and Dr. S. Ochoa it was discovered that the purified transacetylase 
is activated by potassium ions. The cation requirements of the enzyme 
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have since been studied more extensively. Preliminary studies showed 
that tris(hydroxymethyl)aminomethane had no influence on transacet- 
ylase activity except for slight inhibition at high concentrations (0.3 N). 
Therefore to simplify interpretation of the experimental results, the ar- 
senate and acetyl P used in the test solution were added as their tris salts. 
The results of experiments showing the influence of potassium, ammonium, 
and sodium salts on the arsenolysis of acetyl P are given in Fig. 4. In 
the absence of added potassium or ammonium salts there is only slight 
activity. With the addition of these salts the rate of arsenolysis increases 
very sharply and reaches a maximum rate at 0.02 to 0.03 M salt concentra- 


ACETYL-P DECOMPOSIT! 
MM PER 10 MINUTES 


TRANSACETYLASE X CA 

Fic. 3. The proportionality between arsenolysis of acetyl P and the product of 
enzyme and transacetylase concentrations. The data were derived from results 
presented in Figs. 1 and 2. The symbols refer to units of CoA: @, 15; O, 10; Q, 5; 
A, 19. 
tion. Further additions of potassium chloride exert no significant effect, 
whereas higher concentrations of ammonium chloride are inhibitory. 

The addition of sodium chloride, on the other hand, does not activate 
transacetylase, but results in complete inhibition of the slight activity 
observed in the absence of added salts. Experiments with lithium chloride 
gave similar results. The slight activity observed in the absence of added 
salt is probably due to the presence of trace amounts of ammonium sulfate 
contaminating the undialyzed transacetylase preparations. 

Results of studies on the antagonistic effect of sodium and lithium ions 
on potassium ion activation are presented in Fig. 5, in which it is shown 
that when the potassium chloride concentration is held constant (0.01 M) 
there is a progressive inhibition of transacetylase activity with increasing 
concentrations of sodium and lithium chlorides. With equimolar concen- 
trations of potassium salt and antagonist, the extent of inhibition with 
sodium and lithium salts is 85 and 23 per cent respectively. 
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Other experiments have shown that the inhibitory effect of sodium salts 
is only about one-half as great when ammonium chloride is used to ac- 
tivate the system rather than potassium chloride. 

None of the divalent cations tested, including Mg, Mn**, Zn**, Ca++, 
and Cot+, exhibited activation in 0.001 M concentration. The require- 
ment of one or more of these ions has not been excluded, since, owing to 
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Fic. 4. The activation of transacetylase by potassium and ammonium salts. 
Conditions, tris arsenate, 0.05 u (pH 8.0); tris acetyl P, 25 wm; tris hydrochloride 
buffer, 0.1 u (pH 8.0); CoA, 5 units (70 units per mg.); cysteine hydrochloride, 0.01 
M; transacetylase, 20 units (740 units per mg.); KCl, NaCl, and NH. Cl when indi- 
cated (0.1 um). Otherwise, conditions as in Fig. 1. 

Fic. 5. The inhibition of transacetylase by sodium and lithium ions. Conditions 
as in Fig. 4 except that all samples contained 0.1 m KCl; NaCl and LiCl added as in- 
dicated. 
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Effect of pH—As is shown in Fig. 6, transacetylase exhibits a wide pH 
optimum in the alkaline range from 7.4 to 8.2. Activity falls off sharply 
at lower pH levels and is very slight at pH 6.6. 

Sulfhydryl Compounds As was previously reported (8), purified prepa- 
rations of transacetylase are inactive in the absence of added cysteine. 
Further experiments have shown that cysteine is a non-specific activator 
that can be replaced by any one of a number of other sulfhydryl com- 
pounds. Thioglycolic acid, glutathione, 1 ,3-dimercaptopropanol, cysteine, 
and hydrogen sulfide in 0.01 m concentration are equally effective in ac- 
tivating this enzyme. Activation by these substances can be attributed 
to their reducing properties, since metal-binding agents such as histidine 
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and 8-hydroxyquinoline are without effect. Recent experiments by Stern 
e al. (10) and other experiments to be described in the following paper (4) 
indicate that sulfhydryl compounds must be added in CoA-linked reactions 
to convert the oxidized CoA to its active sulfhydryl form. 

Buſſers In view of the increased interest in the use of transacetylase to 
generate acetyl CoA in coupled enzyme systems, it seemed desirable to 
determine which buffers can be employed without appreciable loss in ac- 
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Fic. 6. The influence of pH on the arsenolysis of acetyl P. Conditions, tris 
arsenate buffer (0.1 m) at the pH indicated; CoA, 5 units (5 units per mg.); trans- 
acetylase, 10 units (740 units per mg.); cysteine (pH 7.0) 0.01 u; KCl, 0.01 u; other- 
wise as in Fig. 1. 

Fic. 7. The influence of inorganic phosphate and arsenate concentrations on the 
rate of arsenolysis of acetyl P. Conditions, tris hydrochloride buffer, 0.1 u (pH 8.1); 
acetyl P, 0.025 u; glutathione, 0.025 m (neutral); CoA, 20 units (110 units per mg.); 
transacetylase, 12 units (950 units per mg.); potassium arsenate (pH 8.0) in the 
concentrations indicated. O, without added phosphate; @, with 0.1 m potassium 
phosphate (pH 8.0). Potassium chloride was added to bring all samples to 0.3 u 
with respect to potassium ion. Total volume, 1.0 ml.; temperature 28°. 


tivity. It has been found that tris hydrochloride, glycylglycine, and histi- 
dine buffers (0.1 m, pH 8.1) are equally satisfactory. At the same con- 
centration and pH, potassium diethylbarbiturate and tris citrate buffers 
cause 50 per cent inhibition, while inhibition with potassium pyrophos- 
phate is about 90 per cent. 

Effect of Inorganic Phosphate and Arsenate—It has been supposed that 
the arsenolysis of acetyl P is due to the substitution of inorganic arsenate 
for phosphate in the reverse of Reaction 1, thus leading to the formation 
of acetyl arsenate, which undergoes spontaneous hydrolysis (6, 8). If this 
explanation is correct, then inorganic phosphate should act as a com- 
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petitive inhibitor of the arsenolysis reaction. Data are presented in Fig. 
7 showing the influence of arsenate concentration (0 to 0.05 M) on the 
rate of arsenolysis in the presence and absence of added inorganic phos- 
phate. The rates are directly proportional to the arsenate concentration 
over the range studied. Further experiments have shown that this linear 
relationship extends to arsenate concentrations of 0.1 Mu. It has not been 
ascertained whether the deviation from linearity obtained with still higher 
concentrations (0.2 m) is due to saturation of the enzyme or to salt in- 
hibition. It is apparent, however, that the Michaelis constant must be 
very great. 

The data of Fig. 7 show that inorganic phosphate does, indeed, inhibit 
the arsenolysis reaction. The degree of inhibition, however, is independent 
of the relative concentrations of arsenate and phosphate. Thus, in the 
experiment described, 0.1 m inorganic phosphate caused a 41 per cent in- 
hibition of arsenolysis at all levels of arsenate studied (0.005 to 0.05 m), 
over which range there is a 10-fold change in the phosphate to arsenate 
ratio. These data are therefore inconsistent with the view that inorganic 
phosphate is a competitive inhibitor of arsenolysis. As yet, no explana- 
tion has been found to reconcile this unexpected behavior of inorganic 
phosphate with the postulated mechanism of the arsenolysis reaction. 


SUMMARY 


Methods are described for the purification of phosphotransacetylase 
from extracts of Clostridium kluyveri. 

Phosphotransacetylase catalyzes the arsenolysis of acetyl phosphate; the 
rate is directly proportional to the concentrations of coenzyme A, arsenate, 
and enzyme over extraordinarily wide ranges. 

The enzyme shows obligatory requirements for CoA and potassium or 
ammonium salts; it is inhibited by sodium and lithium salts and, non- 
competitively, by inorganic phosphate. Other properties of the enzyme 
are discussed. 
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THE NET ENZYMATIC SYNTHESIS OF ACETYL COENZYME A 


By E. R. STADTMAN 


(From the Section on Cellular Physiology, National Heart Institute, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, December 18, 1951) 


Previous studies have shown that the bacterial enzyme, phosphotrans- 
acetylase,' catalyzes the CoA-dependent interchange of acetyl-bound and 
inorganic phosphate (15, 17). This finding, together with the further 
discovery that this enzyme catalyzes the activation of acetyl P so that it 
will serve as an acetyl donor in various biosynthetic reactions (1, 16-19), 
led to the postulate that transacetylase catalyzes the formation of acetyl 
CoA (Reaction 1), and that this compound is the immediate precursor of 
the 2-carbon residues used in acetylation reactions. 


Acetyl P + CoA D acetyl CoA + inorganic phosphate (1) 


Direct proof of the existence of acetyl CoA was recently obtained through 
the brilliant researches of Lynen and Reichert (9) who succeeded in iso- 
lating this substance from yeast juice. They have shown that the isolated 
substance will serve as an acetyl donor in the acetylation of sulfanilamide 
by crude pigeon liver extracts in the absence of added adenosinetriphos- 
phate and acetate or acetyl P. It has since been demonstrated by Stern 
el al. (19) that the isolated compound will replace the transacetylase- 
acetyl P system as an acetyl donor in the synthesis of citrate by their crys- 
talline condensing enzyme. This latter finding provides additional proof 
that acetyl CoA is the active acetyl intermediate; it also gives support to 
the hypothesis that acetyl CoA is the active 2-carbon derivative formed 
from acetyl P in the transacetylase system (Reaction 1). 

In the present paper, data are presented showing a net enzymatic syn- 
thesis of acetyl CoA from acetyl P and CoA. Methods are described for 
the detection, quantitative estimation, and partial isolation of acetyl CoA 
from the reaction mixture. In addition, evidence is presented for the non- 
enzymatic acetyl transfer from acetyl CoA to glutathione and other sulfhy- 
dryl compounds. 


The following abbreviations are used throughout this paper: phosphotrans- 
acetylase, transacetylase; coenzyme A, CoA (or HS-CoA); acetyl phosphate, acetyl 
P; glutathione, GSH; tris(hydroxymethyl)aminomethane, tris; acetylglutathione, 
acetyl SG; glutathione disulfide, GSSG; acetylmercaptan, acetyl SR; inorganic 
phosphate, Pi. 

535 


536 ACETYL COENZYME A 


Materials and Methods 


Purified phosphotransacetylase, having a specific activity of 950 units 
per mg. of protein, was obtained from extracts of Clostridium kluyveri by 
the method previously described (8). The crystalline condensing enzyme 
(12) was supplied by Dr. J. Stern and Dr. S. Ochoa. Two CoA prepara- 
tions (150 and 13 units per mg.) were supplied by Dr. Fritz Lipmann. 
C-labeled acetyl P was prepared enzymatically by equilibration of acetyl 
P with carboxyl-labeled acetate (16). 

Estimation of Acetylmercaptans—Acetylmercaptans were estimated by 
the hydroxamic method previously developed for acyl phosphate deter- 
mination (5). When acetyl P was also present in the mixture, it was 
destroyed by heating the test solution for 15 minutes at 100°, pH 3.5 to 
5.0, prior to hydroxylamine addition. Of the acetylmercaptans studied, 
acetyl thioglycolate, acetylglutathione, and acetyl CoA are not affected 
by a similar heat treatment. On the other hand, acetylmercaptans having 
an unsubstituted amino group adjacent to the sulfur carbon, viz. S- acetyl- 
cysteine and S-acetylthioethanolamine, are extremely unstable and undergo 
rapid spontaneous decomposition even at room temperature; the diacetyl 
derivatives of the latter compounds are, however, quite stable (11). 

Detection of Acetylmercaptans by Paper Chromatography. (a) Alkali Hy- 
drolysis—Acetylmercaptans do not give a positive nitroprusside test for 
sulfhydryl groups when tested with Reagent I of Toennies and Kolb (20). 
However, these compounds are easily hydrolyzed by strong alkali (9). 
Therefore, when paper strips containing adsorbed acetylmercaptans are 
dipped into an alcoholic solution of sodium hydroxide (3 gm. of NaOH per 
100 ml. of 95 per cent methanol), the compounds are hydrolyzed and the 
free sulfhydryl groups thus formed are easily detected by subsequent 
treatment of the paper strip with Reagent I of Toennies and Kolb (20). 

(b) Reaction with Hydroxylamine—Acetylmercaptans react with hydrox- 
ylamine (11) under the conditions of Lipmann and Tuttle (8) to form acet- 
hydroxamic acids and the free mercaptans (Reaction 2). 

NOH 
A. (2) 
RSCOCH; + NH-. OH — RSH + CH,;C—OH 


Thus the presence of acetylmercaptans on paper chromatograms can be 
detected by the simultaneous appearance of acethydroxamic acid and sulf- 
hydryl groups when the paper is sprayed with a 4 N solution of hydroxyl- 
amine (pH 6.5 to 7.0). Acethydroxamic acid formation is detected by the 
immediate appearance of a reddish spot when the paper is subsequently 
sprayed with a ferric chloride solution (prepared by mixing equal volumes 
of 5 per cent FeCl, 12 per cent trichloroacetic acid, and 3 N HCl). Ona 
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parallel paper strip treated with hydroxylamine, the formation of a free 
sulfhydryl group is detected by the nitroprusside test (Reagent I of Toen- 
nies and Kolb). Since hydroxylamine reagent interferes with the nitro- 
prusside test, the dried hydroxylamine-treated paper is dipped into absolute 
methanol to remove excess hydroxylamine prior to testing with the nitro- 
prusside reagent. 

The above tests can be taken as evidence for the presence of acylmercap- 
tans only when appropriate controls, i.e. parallel chromatograms, give 
negative nitroprusside tests when not treated with alkali or hydroxylamine. 

Other methods used in this investigation have been described previously 
(15, 17). 


Taste I 
Synthesis of Heat-Stable Acetyl Compound from Acetyl Phosphate 


Heat-stabl heat-stable 


uM per mi. mM per mi. 2 per mi. der mi. 
0 4.3 0 0 0 
0.19 4.2 0.8 0.7 3.7 
0.38 4.3 1.4 1.6 4.2 
0.59 4.4 2.0 1.9 3.2 
0.59 (No enzyme) 4.2 0 0 0 


The reaction mixture contained 4.5 um of acetyl P, 25 um of GSH, 50 um of KCl, 
150 wm of glycylglycine buffer (pH 8.0), and 33 units of transacetylase and CoA 
(150 units per mg.) as indicated. Final volume, 1.5 ml. Incubation, 90 minutes 
at 28°. 


EXPERIMENTAL 


Synthesis of Acetylglutathione—In an effort to obtain evidence for Re- 
action 1, 4.5 um of acetyl P were incubated with transacetylase and vary- 
ing amounts of CoA. Glutathione (0.025 Mu) was added as the reducing 
agent. After incubation, aliquots of the test solutions were tested for 
inorganic phosphate by the calcium precipitation method of Lipmann and 
Tuttle (7). Total acetyl groups (acetyl P + acetylmercaptans) were 
measured by direct reaction with hydroxylamine (8), and heat-stable acetyl 
(acetylmercaptans) was estimated by the same method after heating at 
100° for 15 minutes (pH 3.5). The data, presented in Table I, show that 
no significant changes occurred in the amount of total acetyl groups. How- 
ever, in the presence of CoA and enzyme, a heat-stable acetyl compound 


A sulfhydryl reducing agent is necessary to activate the transacetylase (15) and 
other CoA-linked enzyme systems (3, 14, 18, 19). 
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and inorganic phosphate are formed in almost equivalent amounts. The 
appearance of these products was roughly proportional to the concentra- 
tions of CoA. Inorganic phosphate and heat-stable compounds were not 
formed in the absence of enzyme or CoA. 

Lack of stoichiometry between heat-stable compound formation and 
CoA added (last column, Table I) indicates that the substance is not 
acetyl CoA. The data presented in Fig. 1 show that the rate of formation 
of heat-stable compound is roughly proportional to the GSH concentration 
over the range 0 to 0.075 M. This and the following evidence indicate that 
the compound is S-acetylglutathione (acetyl SG): (1) Paper chromatog- 
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Fic. 1. The influence of glutathione and CoA concentrations on the formation 
of acetyl SR. The reaction mixtures contained 25 um of acetyl P, 100 u of tris 
buffer (pH 8.1), 12 units of transacetylase, and GSH (pH 7.0 with KOH), and micro- 
moles of CoA as indicated by the figures on the curves. In samples containing less 
than 75 um of GSH, KCl was added to make total (KCI + GSH) = 75 u. After 175 
minutes at 28°, the samples were tested for acetylmercaptan content by the hy- 
droxylamine method. The numbers on the curves refer to units of CoA added per 
ml. 


raphy of the reaction products reveals the presence of a new ninhydrin- 
reactive substance not present in the original reaction mixture, or in 
control samples without GSH, CoA, orenzyme. The new substance moves 
on No. 3 Whatman filter paper in 80 per cent phenol-20 per cent water 
with an N. of 0.6 to 0.63. It therefore moves faster than either GSH 
or GSSG. (2) This new amino compound reacts with hydroxylamine 
to form a hydroxamic acid. (3) The compound does not give a nitro- 
prusside test for —-SH; however, after splitting with hydroxylamine or 
after alkaline hydrolysis (see the section on methods), the nitroprusside 
test is positive. Similar results are obtained with palladium reduction 
tests for sulfhydryl compounds (20). (4) If C-labeled acetyl phosphate 
is used in the test solution, the new amino compound formed contains 
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labeled carbon. (5) Finally, chromatography of acid hydrolysates of the 
isolated compound shows the presence, in similar concentrations, of glycine, 
glutamic acid, and another compound which is probably cysteic acid. 
These properties are all consistent with the view that the substance formed 
is S-acetylglutathione. Positive identification must await more rigid iso- 
lation and purification of the compound. 

The data presented in Fig. 1 show the dependence of the reaction on 
CoA. It is significant that very high concentrations of both CoA and GSH 
are required to obtain reasonable rates of acetyl SR formation. Under 
the conditions of these experiments, acetyl P in concentrations greater 
than 5.0 wm per ml. and higher enzyme concentrations had no demon- 
strable effect on the initial rates of acetyl] SR formation. These observa- 


II 
Influence of Sulfhydryl Compounds on Synthesis of Heut - Stable Acetyl Substance 
—SH compound Total acetyl Heat-stable acetyl Pi 
aM 
3.5 2.7 2.7 
4.2 1.2 1.1 
0 0 3.7 
·’ w ͤ 1.6 0.5 2.2 
Hydrogen sulfiduvud ee. 4.4 0 0 


The reaction mixture contained 4.5 um of acetyl P, 50 au of tris buffer (pH 8.0), 
0.15 um of CoA (150 units per mg.), 12 units of transacetylase, and 25 um of the various 
sulfhydryl compounds as indicated. Final volume, 0.6 ml. Incubation, 90 minutes 
at 28°. 


tions, and other data to be presented below, indicate that acetyl SR is 
probably formed by a secondary non-enzymatic reaction between acetyl 
CoA and GSH. 

Reaction with Other Sulfhydryl Compounds—Since acetyl] SG is apparently 
formed in the transacetylase system, it was of interest to ascertain whether 
acetyl derivatives of other sulfhydryl compounds could also be formed. 
Results of an experiment to test the activity of GSH, cysteine, thiogly- 
colate, 1 ,3-dimercaptopropanol (BAL), and hydrogen sulfide are presented 
in Table II. All sulfhydryl compounds were tested in 0.05 m concentra- 
tions; CoA was present in only catalytic amounts (0.15 um). The results 
obtained show that the various sulfhydryl compounds can be placed in 
three different classes with regard to their ability to form heat-stable acetyl 
derivatives that react with hydroxylamine. In the first class, represented 
by GSH and thioglycolate, a heat-stable derivative is formed, with the 
coincident formation of an equivalent amount of inorganic phosphate. 
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A second class is represented by cysteine and BAL. With these, little 
or no stable compound is formed; however, the acetyl P is nearly all de- 
composed, with an equivalent formation of inorganic phosphate. Finally 
hydrogen sulfide is neither acetylated nor does it catalyze the decomposi- 
tion of acetyl P. 

Since acetyl P is decomposed in the presence of cysteine and BAL, it is 
probable that these compounds are acetylated, but that the S- acetyl de- 
rivatives are unstable and undergo secondary decomposition or rearrange- 
ment to substances that will not react with hydroxylamine. Dr. Novelli 
(11) has reported a similar instability of the S-acetyl derivative of thio- 
ethanolamine. 

It had been shown earlier (15) that hydrogen sulfide will replace GSH 
as a reducing agent for the activation of the transacetylase system. There- 


III 
Influence of CoA on Formation of Heat - Stable Acetyl Com pound in Presence of H. S 
60 min. 90 min. wu CoA 
per mi. per mi. per mi. per mi. 
0.34 0.32 0.32 0.94 
0.69 0.64 0.71 0.93 
1.38 1.28 1.28 0.93 
1.03 1.08 0.98 1.05 


The reaction mixture contained 2.25 um of acetyl P, 50 um of tris buffer (pH 8.0), 
12 wm of hydrogen sulfide, 12 units of transacetylase, 20 um of KCI, and CoA (150 
units per mg.) as indicated. Final volume, 0.5 ml. Incubation, 90 minutes at 28°. 


fore, since hydrogen sulfide does not appear to serve as an acetyl acceptor 
(Table II), an experiment was made to determine whether acetyl CoA 
would accumulate in the hydrogen sulfide-activated system. The data of 
Table III show that in this system a heat-stable acetyl compound is pro- 
duced in an amount stoichiometrically equivalent to the amount of CoA 
added. An equivalent amount of inorganic phosphate was also liberated. 

Experiments with C. Labeled Acetyl p To furnish quantitative informa- 
tion regarding the composition of the heat-stable acetyl compound formed 
in the presence of hydrogen sulfide, an experiment was made with C.. 
labeled acetyl P as the acetyl donor. A reaction mixture containing 7.4 
um of CH;C“OOPO, (120,000 c.p.m. per um), 10.9 mg. of CoA (150 units 
per mg.), 150 um of hydrogen sulfide, 20 um of KCl, 50 uu of tris buffer 
(pH 8.0), and 75 units of transacetylase was incubated for 30 minutes at 
28°. A similar sample containing no transacetylase was used as a control. 
After incubation, the pH was adjusted to 5.0 and the mixtures were heated 
at 100° for 6 minutes to destroy excess acetyl P. The heated samples were 
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streaked along lines about 1 inch from the bottom of sheets of Whatman 
No. 3 filter paper and the material was chromatographed by the ascending 
method with a 1:1 mixture of ethanol and sodium acetate buffer (0.1 N, 
pH 4.5) as the developing solvent.“ 

Detection of CoA and Acetyl CoA on Paper Chromatograms—Since adenine 
is a constituent group of the CoA molecule (2, 6), CoA can be detected on 
paper chromatograms by the darkened “quenching” bands observed when 


TaBie IV 
Quantitative Analysis of Acetyl CoA Formed in Transacetylase System 

Samples 1, 2, and 3 represent samples of acetyl CoA isolated by paper chromatog- 
raphy (see the text). Samples 1, 2, and 4 were prepared from purified CoA prepara- 
tions containing 150 units per mg.; Samples 3 and 5 were derived from a CoA prepa- 
ration containing only 13 units per mg. Samples 4 and 5 were not purified 
by chromatography, but, instead, the reaction mixture was boiled 10 minutes at 
pH 5 to 6 to destroy excess acetyl P and transacetylase. Sample I was prepared 
with C-labeled acetyl P as described in the text. 


Sample No. Acetylmercaptan®, C-labeled Coat Chats peecursor$) decomposed by 
uu uM ue 
1 0.27 0.24 0.28 0.27 
2 0.87 0.78 0.77 
3 0.42 0.30 0.38 
4 0.27 0.26 0.30 
5 0.33 0.36 


* Acetylmercaptan was measured by the hydroxamic acid procedure. 

t C"-labeled acetyl was estimated by Cie measurements. 

t CoA was measured by the arsenolysis reaction (15). 

The test solutions contained 100 u of tris buffer (pH 8.0), 2.5 um of MgCl:, 
30 um of oxalacetate, 100 um of KCl, 35 units of crystalline condensing enzyme, and 
suitable aliquots of the acetyl CoA solutions; total volume, 1.0 ml. After 60 minutes 
incubation at 28°, the reaction mixture was analyzed for citrate (10). 

| Estimated by the decrease in hydroxamic acid-forming substance when incu- 
bated with arsenate and transacetylase. 


the chromatograms were viewed under ultraviolet light. Only two such 
quenching bands were detected in the control sample to which no trans- 
acetylase was added. The most prominent of these was the CoA band, 
which has an N. of 0.55. The other band of slight intensity with an R. 
of 0.73 was apparently due to impurities in the preparation, since it showed 
no CoA activity when eluted from the paper and tested in the arsenolysis 
assay system (15). Chromatography of the test solution to which trans- 
acetylase had been added revealed a very marked decrease in the intensity 


*This procedure for the chromatography of CoA was developed by Dr. J. D. 
Gregory and Dr. G. D. Novelli (unpublished work). 
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of the 0.55 R. band and a corresponding increase in the intensity of the 
0.75 R, band. 

Parallel, cross-sectional strips cut from the chromatograms were tested 
for acetylmercaptans by the hydroxamic acid and nitroprusside reactions, 
No evidence for the presence of acetylmercaptans was obtained in the 
control sample. However, in the sample which was incubated with trans- 
acetylase, the 0.75 R, band reacted with hydroxylamine to give a hydrox- 
amic acid. Before treatment with hydroxylamine, tests for free —SH 
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Fic. 2. The influence of inorganic phosphate concentration on the synthesis of 
acetyl CoA. Except for differences in inorganic phosphate as indicated, the con- 
ditions were as in Table III. 

Fic. 3. Reversibility of acetyl CoA synthesis. The conditions were as in Table 
III except that inorganic phosphate was added as follows: Curve 1, no inorganic 
phosphate; Curve 2, 100 um of inorganic phosphate at zero time; Curve 3, 100 ua of 
inorganic phosphate after 30 minutes. 


groups were negative, but after spraying with hydroxylamine, the nitro- 
prusside test was positive for the 0.75 R, material. A positive test was 
similarily obtained with alkali-treated paper strips. 

Composition of Isolated Acetyl CoA—The acetylmercaptan in the 0.75 
Ry band was eluted from the chromatogram with water. Quantitative 
data (Table IV, Sample 1) show that the eluate contained equivalent 
amounts of acetylmercaptan, C-labeled acetyl, CoA, and citrate precursor. 

Similar data were obtained for other samples of acetyl CoA formed in 
other experiments (Table IV). The combined data strongly support the 
conclusion that the compound formed in the transacetylase system is 
acetyl CoA. 
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Studies by F. Lipmann and also by H. Tabor“ have shown that the en- 
symatically produced acetyl CoA is active in p-aminobensoic acid acetyl- 


— of Acetyl CoA Synthesis The data presented in Fig. 2 
show that inorganic phosphate has a strong influence on the formation of 


V 
Influence of Acetyl P, CoA, and Inorganic Phosphate Concentrations on Synthesis of 
Acetyl CoA 
Before incubation After incubation E 2 
CoA Pi Acetyl P Acetyl CoA; CoA Pi Acetyl P Acetyl CoA (acetal BYCOAY 
1.0 10 2.5 0 0.1 11 1.5 0.9 67 
1.0 20 2.5 0 0.2 21 1.6 0.8 53 
1.0 50 2.5 0 0.4 51 1.8 0.6 43 
1.0 50 2.5 0 0.3 51 1.7 0.7 70 
1.0 | 100 2.5 0 0.5 | 101 1.9 0.5 53 
1.0 | 100 2.5 0 0.4 101 1.8 0.6 s4 
1.0 | 100 2.5 0 0.4 101 1.8 0.6 84 
1.0 | 200 2.5 0 0.7 201 2.1 0.3 41 
1.0 | 100 | 12.5 0 0.2 | 101 11.2 0.8 36 
1.7 | 100 2.5 0 0.8 | 101 1.5 0.9 76 
1.7 | 100 5.0 0 0.6 | 101 | 3.7 1.1 53 
0.7 | 100 5.0 0 0.2 | 101 4.8 0.5 53 
0 100 0 0.6 0.5 | 100 0.5 0.1 40 


Except for the difference in concentrations of CoA, inorganic phosphate, acetyl 
P, and acetyl CoA as indicated in the table, the experimental conditions were as 
in Fig. 1. After 90 minutes incubation at 28°, aliquots of the reaction mixture were 
tested for total acetyl (acetyl P + acetyl CoA) by direct reaction with hydroxyl- 
amine (8). Acetyl CoA was estimated by the same method after heating at 100° 
for 15 minutes at pH 5.0. CoA and Pi concentrations, after incubation, are deter- 
mined by difference. The data in the last line are from an experiment in which 


acetyl CoA isolated by paper chromatography was used. 


acetyl CoA. In the experiment described, acetyl] CoA formation in a 
system containing 1.0 um of CoA and 4.5 um of acetyl P is inhibited to the 
extent of 30, 45, and 55 per cent by additions of 50, 100, and 200 um of 
inorganic phosphate respectively. 

The results in Fig. 3 show that this effect is not due to inhibition of the 
ensyme but rather to the shifting of the equilibrium position of the reaction 


‘Personal communication. 
It was shown previously by Lynen and Reichert (9) that their acetyl CoA serves 
as an acetyl donor in the acetylation of sulfanilamide by a pigeon liver enzyme. 
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away from acetyl CoA formation. Thus incubation of acetyl P in the ab- 
sence of inorganic phosphate results in the formation of about 1.0 uu 
of acetyl CoA. In the presence of 100 um of inorganic phosphate only 
about 0.63 um is formed. If after 30 minutes incubation, when equilibrium 
is nearly established, 100 um of inorganic phosphate are added to a third 
sample containing no inorganic phosphate initially, a decrease is observed 
in the amount of heat-stable compound to a level identical with that 
obtained when the same amount of inorganic phosphate is added initially. 
These results demonstrate the freely reversible nature of the reaction. 

Further demonstration of reversibility was obtained by incubating 0.6 
uM of acetyl CoA (that had been isolated by paper chromatography) with 
100 um of inorganic phosphate. After 60 minutes, an almost quanti- 
tative conversion of the acetyl CoA to acetyl P had taken place (last 
line, Table V). 

Table V presents the data obtained from a number of experiments in 
which the concentrations of the various reactants were varied. In the 
last column are listed the calculated equilibrium constants, with an average 
value of 60. Because of the limited amount of CoA available, it has been 
necessary to work at levels near the lower limit of the analytical method 
for analysis of acetyl] CoA. The observed variation in the calculated 
equilibrium constant is therefore within the experimental error of the 
methods employed. 


DISCUSSION 


On basis of the evidence presented in this paper, it may be concluded 
that phosphotransacetylase catalyzes the following reaction 


CH,COOPO," + HS-CoA = CH, CO-S-CoA + HPO.” (3) 


Thus incubation of acetyl P and HS-CoA with purified transacetylase 
results in the formation of equivalent amounts of acetylmercaptan and 
inorganic phosphate. 

The acetylmercaptan formed appears to be identical with the acetyl CoA 
isolated by Lynen and Reichert (9) from yeast extract. Both compounds 
are active as acetyl donors in the synthesis of citrate by Stern and Ochoa’s 
crystalline condensing enzyme; they serve also as acetyl donors for acet- 
ylation of p-aminobenzoic acid by crude pigeon liver extracts.“ The 
chemical behaviors of the two compounds are also similar. Thus, both 
are stable to heat at acid pH but are readily hydrolyzed by alkali; they do 
not give a positive —SH test with nitroprusside reagent; upon alkaline 
hydrolysis, however, a free —SH group is formed. These properties and 
the further observation reported here that acetyl CoA reacts with neutral 
hydroxylamine to form acethydroxamic acid with the concomitant liber- 
ation of a free sulfhydryl group are properties in common with other ace- 
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tylmercaptans. These results thus confirm the conclusions of Lynen and 
Reichert (9) that the acetyl group of acetyl CoA is attached, in thioester 
linkage, to the thioethanolamine portion of the CoA molecule. 

It is a general observation that cysteine, or some other sulfhydryl com- 
pound, must be added to activate CoA-dependent reactions (3, 14, 15, 18, 
19). On the other hand, the acetyl CoA isolated from the above experi- 
ments is fully active in the synthesis of citrate by the condensing enzyme 
and also in the transacetylase reactions in the absence of added reducing 
compounds. This observation is in confirmation of similar findings in 
Ochoa’s laboratory (19) with the Lynen and Reichert acetyl CoA prepara- 
tion. The results indicate that the function of added sulfhydryl com- 
pounds in CoA-linked reactions is to convert oxidized CoA to the active 
sulfhydryl form (2, 13). 

The demonstration that Reaction 3 is easily reversible, with an equilib- 
rium constant of about 60, is of considerable interest, since it confirms the 
earlier speculations (5, 17) as to the energy-rich nature of acetyl CoA. 
From the equilibrium data it can be calculated that the A, of the reaction 
is approximately — 3000 calories. Assuming a value of the acetyl P bond 
to be about 13,000 to 15,000 calories (4), the energy of the acetyl CoA bond 
would be about 10,000 to 12,000 calories, which is good agreement with 
that obtained by Stern et al. (19) from equilibrium studies on the synthesis 
of citrate from acetyl CoA and oxalacetate. 

The discovery that various mercaptans are acetylated in the presence of 
acetyl P, CoA, and transacetylase was not anticipated. Recent studies 
in this laboratory suggest that these acetylations are the result of a sec- 
ondary, non-enzymatic, transfer of the acetyl group of acetyl CoA to the 
acceptor mercaptan. This conclusion is based upon the observation that 
similar acetyl transfers between synthetic acetylmercaptans and sulfhy- 
dryl compounds occur readily in the absence of enzymes under the condi- 
tions of the foregoing experiments. Thus, incubation of acetyl thiogly- 
colate with glutathione at 26° and pH 8.1 results in a very rapid formation 
of acetylglutathione.® 


Acetyl thioglycolate + GSH = acetyl SG + thioglycolate (4) 


Reaction 4 occurs readily in dilute aqueous solution in the alkaline pH 
range 8.1 to 9.0 but only slightly or not at all at pH 7.0 and below. Similar 
reactions occur between acetyl thioglycolate and other mercaptans. Equi- 
librium studies have not yet been made on these reactions, nor has it been 
established whether or not the postulated reaction between acetyl CoA 


* While this paper was in press, a note appeared by Wieland and Bokelmann (21) 
describing the synthesis of S-acetylglutathione by a non-enzymatic acetyl transfer 
from acetylthiophenol to GSH. 


1 


546 ACETYL COENZYME A 


and mercaptans is reversible. The biological importance of such reactions 
is a subject of further study. 


Phosphotransacetylase has been shown to catalyze a net synthesis of 
acetyl coenzyme A. 

The acetyl coensyme A was isolated by paper chromatography and has 
been identified as a thioester of coenzyme A and acetic acid. 

The isolated compound is fully active as an acetyl donor in the synthesis 
of citrate by the crystalline condensing enzyme; it is also decomposed by 
transacetylase in the presence of arsenate. 

The free energy change of the reaction between acetyl P and CoA to 
form acetyl coenzyme A and inorganic phosphate has been calculated 
from equilibrium data to be about — 3000 calories. 

Methods are described for the estimation of acetyl coenzyme A and other 
acetylmercaptans in the presence of acetyl phosphate. 

Evidence is presented for the non-ensymatic transfer of acetyl radicals 
from acetyl coenzyme A to other mercaptans to form the corresponding 
acetylmercaptans. 
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A NEW FLUOROMETRIC DETERMINATION OF THIAMINE* 


By ARTHUR E. TEERI 


(From the Chemical Laboratory of the Agricultural Experiment Station, University of 
New Hampshire, Durham, New Hampshire) 


(Received for publication, January 21, 1952) 


Several different types of assay procedure have been proposed for the 
quantitative determination of thiamine. In a discussion (1) of the diffi- 
culties encountered in some of the methods, it has been pointed out that 
colorimetric (2, 3) and fluorometric (4) methods often suffer from a lack 


sensitive as the microbiological assay (1), is sensitive enough for materials 
of relatively low potency. Furthermore, since the determination, unlike all 
others, depends upon the cyanogen bromide reaction, and since the more 
commonly encountered pyridine derivatives which might react with the 
reagent have been found to cause little or no interference, the method 
possesses a rather high degree of specificity. 

Investigation of the cyanogen bromide reaction has shown (5) that 
thiamine, if present in relatively high concentration, produces a colored 
compound with this reagent. It was concluded that utilization of this 
reaction for the colorimetric determination of thiamine is not practicable 
because of the high concentration of the vitamin required. Further in- 
vestigation has revealed, however, that under different and simpler experi- 
mental conditions thiamine produces with cyanogen bromide a highly 
fluorescent compound. This reaction has been made the basis for the fol- 
lowing simple and rapid fluorometric determination of the vitamin. In 
addition to its simplicity and relatively high degree of sensitivity, the 
method has the added advantage of requiring the same reagents as are used 
in the determinations of nicotinic acid (6) and nicotinamide (7). 


EXPERIMENTAL 


The reaction between thiamine and cyanogen bromide to produce a 
highly fluorescent compound requires only the following two reagents: 
(1) a 4 per cent aqueous solution of cyanogen bromide, and (2) a buffer 
solution, adjusted to pH 6.6 (8), which consists of 988 ml. of water, 15 ml. 
of 15 per cent sodium hydroxide, 5 ml. of 85 per cent phosphoric acid, and 
175 ml. of 95 per cent alcohol. 


* Scientific Contribution No. 145 of the New Hampshire Agricultural Experiment 


— 
2 
The procedure described in the present communication, while not so 
Station. 
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Procedure 


The sample to be assayed, or the standard solution, is adjusted to contain 
between 0 and 0.5 Y of thiamine per ml. To 10 ml. of this solution are 
added 5 ml. of the buffer solution and 5 ml. of the cyanogen bromide re- 
agent. After the mixture is allowed to remain at room temperature for 
30 minutes, fluorescence readings are made in a suitable instrument. In 
this study the instrument used was a Klett photoelectric fluorometer. The 
reference fluorescing standard was a dilute solution of sodium fluorescein 
prepared by diluting 10 ml. of a 0.01 n NaOH solution, containing 1 y of 
sodium fluorescein per ml., to 100 ml. with distilled water. Both lamp 
filters were Corning No. 597. The photocell filter for the sodium fluo- 


Tasie I 
Determinations with Pure Thiamine Solutions 


Fluorometer scale readings at varying times after adding CNBr 


Thiamine in 
10 min. 20 min. 0 min. 40 min. SO min. © min. 

per ml. 
0.0 0 0 0 0 0 0 
0.1 15 29 52 60 60 70 
0.2 32 56 105 120 130 155 
0.3 44 4 156 186 205 240 
0.4 60 115 208 260 300 0 
0.5 75 140 260 


* Readings beyond the range of the fluorometer. 


rescein solution was a Corning No. 038, while that for the unknown (thi- 
amine) solution was a Corning No. 306 filter. 

In preparing a standard curve, the solution containing no thiamine is 
used to adjust the fluorometer to its zero point. Thus, the scale readings 
are directly proportional to the concentration of thiamine, as shown by the 
30 minute readings in Table I. Since this relationship is a simple direct 
proportion, a factor may be calculated for converting scale readings to 
concentration of thiamine. This should be done, however, each time 
analyses are carried out. 

Effect of Time—Table I also indicates that the amount of fluorescence 
depends upon the length of time the solution is allowed to stand after addi- 
tion of cyanogen bromide. It is important, therefore, that the time of 
making readings be carefully controlled. This can be done by allowing 
30 seconds, or some other convenient interval, between additions of CNBr 
to successive samples. 30 minutes is the most satisfactory time interval 
to allow before measuring fluorescence. At that time the readings are 
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greatest, while still being proportional to concentration of thiamine. On 

longer standing the intensity of fluorescence continues to increase, but its 

— to concentration is not maintained. 

Specificity—Since this determination depends upon reaction with cyano- 
gen bromide, the greatest possibilities of interference might be expected 
from compounds containing the pyridine, and possibly thiazole, ring struc- 
tures. Of such compounds, the ones most likely to be encountered in 
vitamin analyses would be nicotinic acid, nicotinamide, pyridoxine, pyri- 
doxal, and pyridoxamine. Of these, — 
to cause no interference when present in amounts over 100 times greater 
than the concentration of thiamine. In low concentration, pyridoxal like- 
wise causes no interference, but when present in greater amounts (100 
times the thiamine concentration) this compound does fluoresce. The 
fluorescence is slight, however, if the readings are made immediately after 
exposure of the solution to the light beam. Longer exposure causes a 
steady increase in fluorescence due to pyridoxal. On the other hand, the 
fluorescence due to thiamine steadily decreases from the moment of first 
exposure to the light. Hence, readings should be taken without delay. 
This aids not only in getting a more accurate reading for the fluorescence 
due to thiamine, but also in minimizing the error in the event of the presence 
of an unusually high concentration of pyridoxal. 

While this reaction, when carried out as described, has a rather high 
degree of specificity for thiamine, it is interesting to note that minor changes 
in the procedure make it applicable to the determination of other vitamins. 
For example, additions of an aromatic amine and HCI (6) are the only 
changes needed to have a colorimetric assay procedure for nicotinic acid. 
The use of alkali, after addition of the CNBr, is the basis of a fluorometric 
procedure for nicotinamide (7, 9, 10). The addition of m-phenylenedi- 
amine to a pyridoxine-cyanogen bromide mixture produces a fluorescent 
compound in amount proportional to the concentration of pyridoxine. 
Lack of specificity and low sensitivity, however, cause the reaction to have 
a rather limited value as an assay method for vitamin Bg. 

Preparation of Sample—As with all chemical methods, the thiamine must 
first be extracted from samples such as foods and biological tissues by 
boiling with a dilute acid and, in some cases, be freed from natural com- 
plexes by the action of enzymes. Such procedures are well established and 
have been described in other methods (2, 4, 11, 12). 

For uncolored, non-turbid water or dilute acid extracts containing no 
highly fluorescent compounds, the assay as described above may be carried 
out directly on the extract. In such cases the blank consists of a sample 
to which 5 ml. of water, instead of cyanogen bromide, are added. The 
reading of this blank must be subtracted from all sample readings. When 
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the blank reading is relatively great, however, further purification of the 
sample is recommended, as with other methods (2, 4, 11, 12), by passage 
through a column of Zeolite. 


Results 


The results of recovery assays and of comparisons with the microbiologi- 
cal procedure (1) are shown in Table II. The good agreement between 


the two methods indicates the value of the cyanogen bromide determination. 


Tant II 
Determinations with Commercial Vitamin Tablets 
CNBr method 
Sample Thiamine added Sarett and 
Thiamine found Recovery of added Chellis 
A 0.00 2.10 2.00 
0 2.50 4.80 108.0 
B 0.00 5.20 5.19 
00 2.50 7.60 96.0 
C 0.00 3.06 3.08 
2.50 5.50 97 .6 
SUMMARY 


The reaction between thiamine and cyanogen bromide to produce a 
fluorescent compound is the basis for a simple and rapid fluorometric deter- 
mination of this vitamin. The method has a relatively high degree of 
sensitivity and specificity, and the results compare well with the microbio- 


logical assay. 
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PYRUVIC OXIDASE OF PIGEON BREAST MUSCLE 
I. PURIFICATION AND PROPERTIES OF THE ENZYME* 


By VENKATARAMAN JAGANNATHAN? ann RICHARD S. SCHWEETY? 
(From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, December 26, 1951) 


Pyruvate oxidation in bacterial extracts has been studied by several au- 
thors (1-7). Flavin-adenine dinucleotide, cocarboxylase, phosphate, and 
Mg“ are required for activity in preparations from Lactobacillus delbru- 
eckit (1-3) and from Escherichia coli (5). The nature of the primary in- 
termediates in these oxidations is not fully understood. Less is known 
about pyruvate oxidation in animal tissues. Stumpf et al. (8) were able to 
obtain a particulate preparation from pigeon breast muscle which catalyzed 
the oxidation of pyruvate to acetate and carbon dioxide. In the present 
series of papers, the further purification of this enzyme, its physicochemical 
properties, and the factors implicated in its activity are discussed. 


EXPERIMENTAL 
Materials 


del (9) and found to contain 1 molecule of water of crystallization,' in 
agreement with Wendel’s analyses. This compound was found to be more 
satisfactory than the sodium salt. 
Coenzymes—Cocarboxylase was purchased from Merck and Company, 
Inc. Diphosphopyridine nucleotide (DPN) of 60 per cent purity was pur- 
chased from the Schwarz Laboratories, Inc. Flavin-adenine dinucleotide 
(FAD) was obtained through the courtesy of Dr. Frank Huennekens. Co- 
enzyme A (CoA) of 20 per cent purity was obtained through the courtesy 
of Dr. Frank Strong. Other reagents used were commercial products. 
Pigeon Breast Muscle—Wild trapped pigeons were purchased from local 
dealers. These were decapitated and the breast muscles removed and fro- 


»A preliminary report of this work has been published (Abstracts, American 
Chemical Society, 118th meeting, Sept., 50C (1950)). 
— trainee of the National Heart Institute, National Institutes of 

th. 
t Present address, Kerckhoff Laboratories of Biology, California Institute of 
, Pasadena, California. 

' Schweet, R. S., and Fuld, M., unpublished observations based on balance studies 
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zen immediately. Muscles stored from 4 to 6 months at approximately 

—15° were used for the preparations described below. Fresh, unfrozen 

muscle, while suitable for the preparation of active extracts, did not yield 

enzyme of high purity. Some of the factors which influence the purifica- 

tion of fresh tissues will be discussed in another paper of this series. 
Methods 


Enzymatic Assay—A number of assay procedures which were used during 
the course of the work are given in the text. The routine method used to 
follow the purification was as follows: 0.5 ml. of lithium pyruvate (0.2 m), 
0.1 ml. of sodium bicarbonate (0.5 m), 0.1 ml. of magnesium chloride (0.2 
m), and 0.1 ml. of cocarboxylase (0.2 per cent, neutralized to pH 6.0 just 
prior to use) were mixed and the solution was saturated with 100 per cent 
carbon dioxide. Enough of this solution for the day was prepared and 
kept in the cold in a tightly stoppered bottle. 

To conventional Warburg flasks were added in the following order: water 
to make a final volume of 3.0 ml., 0.8 ml. of the mixture described above, 
0.2 ml. of potassium ferricyanide (0.5 m) in the side arm, and approximately 
50 units of enzyme (see below). The flasks were gassed for 5 minutes with 
100 per cent carbon dioxide and equilibrated for 10 minutes, and the ferri- 
cyanide tipped in to start the oxidation. The final pH was 6.0. All mano- 
metric runs were performed at 38°. 

Units—Enzyme activity under these standard conditions was expressed 
in micromoles of carbon dioxide evolved per hour, based on the linear por- 
tion of the time curve (usually readings were taken for 30 minutes at 5 
minute intervals). 3 moles of carbon dioxide are produced per mole of 
pyruvate oxidized (8). 

Specific Activity—The specific activity, defined as the units of enzyme 
activity in micromoles of carbon dioxide per hour per mg. of protein, was 
used as the index of purity. Protein concentration was measured by light 
absorption at 260 and 280 my in the Beckman spectrophotometer, the cal- 
culations given by Warburg and Christian being employed (10). The va- 
lidity of these factors was established by dry weight and nitrogen determi- 
nations on homogeneous samples of the enzyme. 

Analyses—Pyruvate was determined by the method of Friedemann and 
Haugen (11). Acetylmethylcarbinol (AMC) was determined by a modifi- 
cation of the procedure of Barritt (12), with AMC (dimeric form), which 
had been recrystallized several times, being used as a standard. Acetate 
was estimated according to Friedemann (13). When analyses were to be 
made, the substrate was placed in the side arm with the oxidant. After 
incubation, 3 ml. of cold 10 per cent trichloroacetic acid were added for 
deproteinization. 


8 


ti 


v. JAGANNATHAN AND R. s. SCHWEET 553 


Enzyme Purification 


The conventional methods of protein fractionation (e.g. salt and solvent 
precipitation, adsorption on calcium phosphate and alumina gels, differen- 
tial heat inactivation) were unsuccessful when applied to the purification 
of pyruvic oxidase. The procedure finally chosen utilized the low solu- 
bility of the enzyme between pH 5.4 (minimum solubility) and 6.0 and the 
increased solubility in the presence of phosphate. Variation of these two 
factors (pH and phosphate concentration), together with denaturation of 
impurities, accounted for the main purification. 

Step 1. Homogenization and Extraction—Frozen breast muscle from 
twelve pigeons (700 gm.) was minced, suspended in 3 to 4 liters of ice-cold 
redistilled? water, and washed several times by decantation and finally by 
gentle squeezing through cheese-cloth. The washed muscle was suspended 
in 3 liters of 0.01 M phosphate buffer, pH 7.5, and aliquots were homogen- 
ized in a Waring blendor for 2 minutes. The blendor should be filled to 
minimize foaming. Homogenization and subsequent operations were per- 
formed at 0-5°. The homogenate was then centrifuged for 1 hour at 4000 
X. The supernatant, which should be only slightly turbid,’ was poured 
off through cheese-cloth to remove large particles of fat. The precipitate 
was discarded. Extract, 1900 ml., specific activity = 0.1 to 0.3; yield = 
10,000 to 12,000 units. 

Step 2. Precipitation at pH 5. — The extract (pH 6.5) was adjusted to 
pH 5.4 by the addition of 10 per cent acetic acid, dropwise with stirring. 
Due to the lability of the enzyme under acid conditions, the solution was 
kept at 0°. The extract was then centrifuged for 30 minutes at 4000 X g. 
The supernatant was discarded and the precipitate taken up in 50 ml. of 
0.01 u phosphate buffer, pH 7.5, and adjusted to pH 6.5 with 1.0 & sodium 
hydroxide. The thick suspension was homogenized by hand in a Potter- 
Elvehjem homogenizer to break up lumps. Fraction 1, 70 ml., specific 
activity = 0.5 to 1.5; yield = 8000 to 10,000 units. 

Step 3. Freezing and Thawing—Fraction 1 was frozen in a cold box at 
—15˙. The enzyme was frozen and thawed several times over a period of 
24 to 48 hours. This treatment resulted in protein coagulation; hence the 
original thick cream now showed a definite precipitate and a clear super- 
natant on standing. The suspension was then centrifuged for 30 minutes 
at 20,000 < 9.“ The precipitate was discarded and the supernatant filtered 


* Owing to the extreme sensitivity of the enzyme to heavy metals, water redis- 
tilled from glass was used for all steps of the enzyme preparation. 

If the supernatant is turbid, a precipitate will settle after 30 to 60 minutes stand- 
ing in the cold. This should be removed by further centrifugation before proceeding. 

‘ Spinco preparative ultracentrifuge, model L. The high speed head of the Inter- 
national centrifuge for slightly longer periods is also satisfactory. 
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to remove small fat particles. Fraction 2, 50 ml., specific activity = 5.0 to 
7.0; yield = 7000 to 9000 units. 

Step 4. Fractionation at pH 6.2—Fraction 2 was adjusted to pH 5.4 with 
1 per cent acetic acid and centrifuged for 20 minutes at 4000 X g. The 
supernatant was discarded and the precipitate was taken up in 0.1 m phos- 
phate buffer, pH 6.3, and water so that the final phosphate concentration 
was 0.05 m and the enzyme concentration was 500 to 550 units per ml. 
The pH was 6.2 to 6.3. The suspension was assayed before the final ad- 
justment to the required volume. The thick creamy material was then 
frozen overnight. After thawing, the suspension was centrifuged for 30 
minutes at 20,000 X 9. The precipitate was discarded and the viscous, 
golden supernatant stored. Fraction 3, 15 ml., specific activity = 8.0 to 
10.0; yield = 6000 to 8000 units. 

Step 5. Fractionation at pH 5.9—Fraction 3 was diluted to 50 ml. (en- 
zyme concentration 150 units per ml.) and dialyzed against 0.01 m phos- 
phate buffer, pH 5.9, for 24 to 36 hours. Four 500 ml. portions of buffer 
were used and the enzyme solution stirred slowly, but continuously, during 
this period to promote more efficient dialysis and coagulation of metastable 
protein. The enzyme solution was then at pH 5.9.5 The precipitated pro- 
tein was removed by centrifugation for 30 minutes at 4000 X g. Fraction 
4, 50 ml., specific activity = 17 to 20; yield = 4000 to 5000 units. 

Step 6. Fractionation at pH 5.7—Fraction 4 was adjusted to a phosphate 
concentration of 0.1 m by the addition of 1.0 u phosphate, pH 5.9. Phos- 
phoric acid (0.1 m) was then added dropwise with rapid stirring until the 
first traces of precipitate began to form (pH 5.65 to 5.7). The solution 
was then centrifuged for 15 minutes at 5000 Xx g. The precipitate was 
taken up in 10 ml. of 0.01 m phosphate buffer, pH 7.5. The supernatant 
was then adjusted to pH 5.4 and the precipitate removed and taken up in 
the same way. This latter fraction contained the most highly purified en- 
zyme. Fraction 5, 10 ml., specific activity = 35 to 50; yield = 1500 to 
2500 units. 

More than 100 preparations of the enzyme have been carried through, 
some twenty to the highest purity stage by several workers in this labora- 
tory. No inactive preparations have been noted, but occasionally the pu- 
rification procedure has failed, even since the initiation of the procedure 
described above. Several factors which were operative in these cases have 
been studied.’ 

5 Although phosphate has a very low buffering capacity at this pH, this anion was 
used because of its influence on enzyme solubility and stability. 

* Step 6 should be followed through as rapidly as possible. The yield of highly 
purified enzyme may be increased by refractionating the first precipitate (removing 
precipitates at pH 5.75 and 5.4). 

7 Schweet, R. S., and Cheslock, K. C., unpublished work. 
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Stability of Enzyme 

The enzyme is routinely stored at —15° in 0.01 to 0.02 m phosphate 
buffer, pH 6.5. Under these conditions, it is stable for several months. 
Small amounts of protein precipitates may form on thawing the less puri- 
fied preparations. These are inactive and may be centrifuged without loss 
of enzymatic activity. At 4°, under the same conditions, the enzyme may 
be kept for 8 to 10 days without any great losses. In phosphate-containing 
solutions, the pH can be adjusted carefully within the range pH 5.0 to 8.5 
without great loss in activity, provided the temperature is kept at 0°. 
However, outside of this range activity declines rapidly. The presence of 
salts, such as ammonium sulfate, affords only slight protection against this 
acid inactivation. 

The enzyme is labile to heat, but is protected under the usual assay 
conditions. Pyruvate alone does not protect the enzyme. This was shown 
by heating several tubes, each containing 87 units of enzyme activity at 
50° + 1°, in the presence of 0.06 u phosphate, pH 6.0, plus 0.1 u lithium 
pyruvate (final concentrations). One tube, removed at 3 minutes and 
cooled, assayed 22 units, whereas after 6 minutes the activity was 13.7 
units. Under the same conditions, when Mg“, cocarboxylase, and bicar- 
bonate were present (same concentrations as in the assay system) and the 
solution was saturated with carbon dioxide gas, the activity after 6 minutes 
was 80 units. Purification by heat denaturation under these conditions 
may be possible, but has not yet been investigated by us. 

When the enzyme is dialyzed against distilled water, there is a gradual 
loss of activity after 8 to 10 hours, which is accompanied by precipitation. 
Dialysis against neutral phosphate buffers for as long as 48 hours in the 
cold produces little loss in activity. Lyophilization of the enzyme is pos- 
sible. However, about 20 per cent of the protein does not redissolve. 


Results 
Products of Reaction 

The stoichiometry of the aerobic oxidation of pyruvate catalyzed by 
pyruvic oxidase is described by the following equations. 
(1) CH,COCOOH + 10. CH, COOH CO; 
(2) 20H, COCOOH — CH, CHOHCOC H. + 200. 

The data in Table I satisfy the requirements of Reaction 1. Similar data 
have been obtained with ferricyanide (8) and DPN (14) as oxidants instead 
of oxygen. Reaction 2, which results in the formation of AMC, is a non- 


oxidative, side reaction which occurs in all preparations. In the standard 
ferricyanide system, Reaction 2 does not lead to the formation of carbon 
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dioxide, since an acid group is lost. Therefore, carbon dioxide production 
may be used as an index of Reaction 1 for assay purposes. The amount 
of AMC formed relative to the amount of pyruvate oxidized depends on the 
experimental conditions. Data with and without oxidant are shown in 
Table II. Similarly, when the oxygen uptake is increased by the addition 
of methylene blue (Fig. 1), the pyruvate oxidized may be increased from 


TABLE I 
Balance Study of Pyruvate Disappearance 
Pyruvate utilized Acetate formed Oxygen uptake AMC formed 

(1) (2) (3) (4) ee 

uM uM uM 
Observed........... 151.0 121.0 64.5 17.0 
117.0 58.5 
% theory........... 104 110 


The flasks contained 20 mg. of protein, 200 um of lithium pyruvate, 20 um of mag- 
nesium chloride, 400 Y of cocarboxylase, 150 um of phosphate buffer, pH 7.5, 600 + of 
methylene blue, 0.2 ml. of crystalline catalase, 0.3 ml. of 6 N sodium hydroxide in 
the center well; final volume, 4.0 ml. Gas phase, oxygen; incubation time, 3 hours 
at 38°. This was the usual oxygen system carried out on a larger scale for analyti- 
cal purposes (see Fig. 1). Theory is based on difference between Columns | and 4. 


TABLE II 
Utilization of Pyruvate for AMC and Acetate Formation 
Experiment No. Pyruvate disappearing AMC formed Pyruvate oxidized 
(1) (2) (3) 
uM aM 
A 16.8 8.5 
B 13.1 2.2 8.7 


Standard assay conditions, except in Experiment A which was carried out in the 
absence of ferricyanide, and 1 hour’s incubation. The values of Column 3 were 
calculated from differences between Columns | and 2. 


30 per cent in the absence of dye to 90 per cent of the pyruvate utilized, 
with a concomitant decrease in AMC formed. AMC, itself, remains com- 
pletely unchanged when incubated with the enzyme. These observations 
have led to the concept of a common intermediate, produced on the enzyme 
surface by the decarboxylation of pyruvate, which condenses with another 
like molecule to form AMC or finally is oxidized to yield acetate. This 
intermediate is not acetaldehyde, since the latter compound is not produced 
or oxidized by the enzyme. Supporting data for this concept and a discus- 
sion of its implications have been reported elsewhere (14). 
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Since acetyl phosphate is formed from pyruvate in bacterial systems, 
we have analyzed for this acid by the hydroxamic acid method (15). These 
experiments, and also experiments in which hydroxylamine was added dur- 
ing the incubation as a trapping agent, were negative. The products of 
the reaction thus seem to be acetate and carbon dioxide. Formate is inac- 
tive in the system. 

The formation of acetate as the product was of interest, since little ace- 
tate is normally produced from pyruvate in these tissues. Furthermore, 
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Fic. I. Activity with different oxidants. Curve 1 is the standard ferricyanide 
system described in the text. Curve 2 shows the rate in the methylene blue-oxygen 
system which contained 100 um of lithium pyruvate, 20 um of magnesium chloride, 
100 um of phosphate buffer, pH 7.5, 200 y of cocarboxylase, 3 units of crystalline 
catalase, 0.2 ml. of sodium hydroxide (6 *) in the center well, and 600 y of methylene 
blue in the side arm; final volume, 3.0 ml. The flasks were gassed with oxygen for 3 
minutes, temperature equilibrated for 10 minutes, and the dye tipped in. Curve 3 
is the rate in oxygen. The conditions were the same as for Curve 2 except that no 
dye was used. In all cases, the pyruvate oxidized was calculated from the mano- 
metric data. Enzyme (50 units) of specific activity 30 was used in the experiments. 


it has been reported (16) that in cat heart pyruvate is not oxidized unless 
a dicarboxylic acid is present. Experiments in this laboratory (17) have 
shown that this is not the case with pigeon breast muscle, rabbit heart, and 
pig heart. Homogenates and mitochondrial preparations of these tissues 
produce acetate in oxygen when the Krebs cycle is blocked either by malo- 
nate or by removal of C, acids by dialysis. Acetate was determined by the 
micromethod of Black (18). The rate of the reaction was slow compared 
to the rate of oxidation via the Krebs cycle, but in some cases reached 50 
per cent of the latter. These tissues resemble brain, therefore, in their 
ability to form acetate (19). It is not known whether the production of 
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acetate by purified pyruvic oxidase involves the enzymatic hydrolysis of the 
intermediate, which normally would finally condense with oxalacetate to 
form citrate (20), or is spontaneous. If enzymatic, presumably the enzyme 
is present in these preparations. 


Activity of Various Electron Acceptors 


Pyruvic oxidase catalyzes the oxidation of pyruvate by ferricyanide, mo- 
lecular oxygen, and various organic oxidation-reduction dyes such as meth- 
ylene blue and pyocyanine. The reaction with ferricyanide is the most 
rapid (Fig. 1). For every molecule of pyruvate oxidized, 3 molecules of 
carbon dioxide are liberated in the ferricyanide system (8), whereas only 1 
molecule of oxygen is absorbed in the aerobic system. The faster rate and 
greater sensitivity make the ferricyanide test system the one of choice for 
assay purposes. 

The fact that pyruvic oxidase catalyzes the oxidation of its substrate by 
molecular oxygen suggests that an autoxidizable electron carrier is present. 
As yet no positive evidence for such a component has been obtained. 
Microbiological assays of purified preparations of the oxidase for ribo- 
flavin are quite low.“ Addition of flavins or flavoprotein-containing ex- 
tracts did not increase the aerobic activity of pyruvic oxidase. Also 
diaphorase activity (21), which is present in crude preparations of the 
oxidase, is lacking in the more purified preparations. 

There is some evidence, based on the effect of catalase in reducing the 
oxygen uptake, which suggests that H, O, is formed during the reaction with 
molecular oxygen (2). Direct demonstration of peroxide formation would 
be difficult, since hydrogen peroxide reacts very rapidly with pyruvate to 
form acetate and carbon dioxide. 


Substrate Specificit 

The specificity of the particle-bound pyruvic oxidase has already been 
investigated by Stumpf et al. (8). In the present investigation, several 
additional compounds, which were possible intermediates, were tested. 
Acetoin, acetaldehyde, lactate, and formate were not oxidized under the 
usual assay conditions. Diacetyl, itself, is excluded as an intermediate in 
pyruvate oxidation because its activity is very low at pH 6.0, and, in the 
presence of pyruvate, diacetyl is not utilized (14). a-Ketoglutarate is oxi- 
dized by crude preparations of the oxidase, but not by preparations at the 
highest purity level. 

The purified enzyme appears to be specific for pyruvate and closely re- 
lated compounds. The evidence which places diacetyl] in this category has 
been reported (14). f-Hydroxypyruvate“ is oxidized at about 50 per cent 


* Kindly supplied by Dr. Henry Mahler. 
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of the rate of pyruvate under the usual assay conditions. The products of 
this reaction have not been studied and it would be of interest to determine 
whether any substance analogous to acetoin is formed. 


Effect of pH on Activity 
In phosphate buffer systems over the range pH 5.8 to 7.5, maximum 


activity is attained at pH 6.4 (Fig. 2, Curve 3). Above pH 7.4 there is a 
suggestion of a second maximum, but the data for this pH range are too 


PYRUVATE 


50 80 70 8.0 
pH 

Fic. 2. Effect of pH on activity with ferricyanide as oxidant. Curve 1, 100 per 
cent CO: . Curve 2, 5 per cent CO;-95 per cent Na. In both series the pH was varied 
by changing the bicarbonate concentration. The final pH was measured at the end 
of the run and found to agree with the calculated value. Curve 3, 100 um of phos- 
phate buffer were substituted for the bicarbonate, and the system was gassed with 
Ni. The pyruvate oxidized was calculated from the manometric data in Curves 
land 2. Curve 3 was obtained by measuring the disappearance of pyruvate and the 
AMC formed. 50 units of enzyme were used in each manometric experiment. 


variable to permit a definite conclusion. In systems buffered with bicar- 
bonate-100 per cent carbon dioxide over the range pH 6.0 to 6.9, the highest 
observed activity is at pH 6.0 and the lowest at 6.9. The shift in the 
region of maximum activity in going from the phosphate systems to the 
bicarbonate systems is probably referable to an inhibitory effect of bicar- 
bonate. A similar inhibition by bicarbonate of formate incorporation into 
pyruvate in extracts of E. coli has recently been reported by Strecker (22). 
At the optimum pH, the rate of pyruvate oxidation in phosphate buffer is 
roughly twice that in the bicarbonate-100 per cent carbon dioxide system. 
The data for Curve 2 were obtained in bicarbonate-5 per cent carbon 
dioxide buffer mixtures. In this system the activities in the range pH 7.2 
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to 7.8 are greater than would be expected on the basis of the extrapolation 
of Curve 1 for the bicarbonate-100 per cent carbon dioxide system to this 
range. 

An entirely different situation exists when oxygen is the electron ac- 
ceptor. In the usual system with dye (see Fig. 1), enzymatic activity 
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Fic. 3. Effect of substrate concentration on enzyme activity. Ordinate, recipro- 
cal of velocity, where V = change in optical density per 2 minutes; abscissa, recipro- 
cal of substrate concentration, where S = pyruvate Xx 10‘ u final concentration. 
Each cuvette contained 100 um of phosphate buffer, pH 7.5, 20 um of magnesium 
chloride, 200 Y of cocarboxylase, 30 y of 2,6-dichlorophenolindophenol, lithium pyru- 
vate as indicated, enzyme, and water to make a final volume of 3.0 ml. An amount 
of enzyme, usually 4 to 5 units, was used which yielded a change in optical density 
of 0.03 per 30 seconds at the highest substrate level. The initial reading was taken 
with all the components except enzyme, and the reaction was started by adding the 
enzyme. Readings taken every 30 seconds for 2 minutes at 660 my in the Beckman 
spectrophotometer (except in the case of the lowest substrate level at which the 
reaction was linear for only 1 minute). Occasionally, the first reading was not 
linear with the others and was discarded. The amount of dye used (0.112 um per 
cuvette) gave an initial optical density of 0.6. 


shows a sharp maximum between pH 7.5 and 8.0. At pH 6.0 and 8.5, the 
activity drops to 40 per cent of the maximum. The activity in barbiturate, 
acetate, or TRIS® buffers is the same as in phosphate at the same pH. 

The interpretation of this difference in pH optimum between the ferri- 
cyanide and oxygen system is difficult, since, even in what is presumed to 
be the simplest case (the ferricyanide system), at least two reactions are 
being measured; e.g., the decarboxylation of pyruvate and the oxidation of 
the 2-carbon intermediate. 


» TRIS = tris(hydroxymethyl)aminomethane. 
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Enzyme-Substrate A ffiinity 

A number of enzymes utilizing pyruvate as substrate have been reported 
(8, 20) to have a low substrate affinity (high K.). However, with the 
pigeon breast enzyme, in the standard manometric assay, there was no 
change in initial velocities when the pyruvate concentration was varied 
from 0.001 to 0.03 m. Since the former concentration approaches the limit 
of sensitivity of usual manometry, a more sensitive assay procedure was 
required. It had been previously observed that dichlorophenolindophenol 
was reduced by pyruvate with this enzyme by a Thunberg technique. 
This system, adapted for spectrophotometric assay, was found to have 
sufficient sensitivity because of the high absorption coefficient of the dye 
and the rapidity with which readings may be taken. By the usual Line- 
weaver-Burk method (23), it was found that K. = 2 X 10~* M, based on 
the initial substrate concentration (Fig. 3). This value must be considered 
only approximate, as the assay system has not been fully investigated. 
The coenzyme requirements and the pH optimum of this system have not 
been studied. The same constituents and pH as were used in the oxygen 
system were chosen, since it is probable that the dye reduction involves a 
similar mechanism in both cases. The activity of this system was similar 
to that in oxygen plus dye; density changes were linear during the period 
readings were taken and were proportional to enzyme concentration. 


The presence in animal tissues of an enzyme which catalyzes the one-step 
oxidation of pyruvate, and which can be purified, opens the way to the 
study of a number of problems. Some progress has been made toward the 
solution of several of these (14). 

The use of artificial oxidants has permitted the separation and study of 
the primary oxidation step. The details of the electron transport pathway 
with these oxidants is not known and may be different when ferricyanide 
is the electron acceptor compared with oxygen in the presence of methylene 
blue. Differences in the activities and pH optima of these two systems 
suggest that this is the case. A study of the specific enzymatic groupings 
which react with the various oxidants is required to clarify this point. 

The relationship of these artificial oxidants to the physiological situation 
also requires further study, although the primary system described here 
can be linked to DPN (14), which presumably would represent the in vivo 
pathway. 


1. An enzyme system which oxidizes pyruvate to acetate and carbon 
dioxide and produces acetoin non-oxidatively has been investigated. 


n 
. 
y 
DISCUSSION 
SUMMARY 


2. A purification procedure, 
concentration, has been described 

3. The optimum pH for ensymatic activity was shown to be 6.4 with 
ferricyanide as oxidant and 7.5 to 8.0 with oxygen as oxidant. 

4. The effect of substrate concentration on activity has been studied. 
The K, value may be approximated as 2 X 10-* M. 

5. The significance of these findings in connection with the metabolism 
of pyruvate in vivo has been discussed. 


This investigation was aided by a grant from the National Heart Insti- 
tute of the National Institutes of Health and by a grant from the Common- 
wealth Fund. 

It is a pleasure to acknowledge the interest and advice of Dr. David E. 
Green in this work. A number of analyses have been performed by Dr. 
Bernard Katchman, and Miss Katherine Cheslock has given valuable tech- 
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Jagannathan and Schweet (2) have reported the purification of an en- 
syme from pigeon breast muscle which catalyzes the oxidation of pyruvate 
to acetate and carbon dioxide. In the present communication the active 
component has been identified as a single peak in electrophoresis and in 
sedimentation runs. The molecular weight of this component is approxi- 
mately 4 million. 

EXPERIMENTAL 
Preparation of Samples 

All samples were prepared for study by dialysis against the appropriate 
buffer for at least 12 hours at 5° with stirring. Enzymatic activity was 
determined before and after the electrophoresis or sedimentation run. In 
general, no loss in activity was noted. 


Conditions for Electrophoresis 

The electrophoresis experiments were carried out in the standard 11 ml. 
Tiselius cell with electrode vessels connected directly to the top section. 
Typical experiments were carried out for 5 hours at 2° with a field strength 
of 3 volts per cm. in phosphate buffer at ionic strength of 0.1 and a protein 
concentration of 0.6 per cent. 

The electrophoresis optical system (Philpot-Svensson) was also used for 
diffusion studies. These runs required approximately 60 hours. Ensy- 
matic activity did not decrease during this period. 

Sedimentation Studi 

Sedimentation studies were carried out at 2-7° in the Spinco electrically 
driven, model E ultracentrifuge' at a speed of 37,000 r. pm. The results 

* A preliminary report of this work has been published (1). 
wa trainee of the National Heart Institute, National Institutes of 

th. 

t Predoctoral Fellow of the National Heart Institute, National Institutes of 


Health. 
1 These facilities were made available through the kindness of Dr. P. P. Cohen, 


Laboratory of Physiological Chemistry, University of Wisconsin. 
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have been corrected to 20° for comparison with the usual published data. 
All experiments were carried out in phosphate buffer of ionic strength 0.1 
or 0.154 and at pH 7.0. The values are given in Svedberg units and in- 
corporate the usual correction for the viscosity of the medium (3). 


A 


0 A c 


Fic. 1 Fic. 2 


Fic. I. Electrophoretic study of enzyme purification. (A) Specific activity 10.1, 
area of main peak 53 per cent; (B) specific activity 15.9, area of main peak 79 per 
cent; (C) specific activity 40.8, area of main peak 90 per cent; (D) specific activity 
50.5, area of main peak 98 per cent. Conditions given in the experimental section; 
ascending limb, 0.2 to 0.7 per cent protein. 

Fic. 2. Ultracentrifugal study of enzyme purification. (A) Specific activity 
29.8, main component 55 per cent; (B) specific activity 38.6, main component 76 per 
cent; (C) specific activity 50.5, main component 89 per cent. Conditions given in 
the experimental section. 


Results 
Electrophoresis Studi 

Pyruvic oxidase preparations of specific activity 10.1 were the first to be 
examined in these studies. At least six peaks were found (Fig. 1, A). 
However, when the various phases were removed and tested during the 
course of several runs, it was found that all the enzymatic activity was 
associated with the main peak. 

When preparations of higher purity were tested, it was noted that this 
main peak became more prominent. Fig. 1 illustrates the parallel increase 
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in enzyme specific activity (2) and the per cent area under the main peak 
determined by planimetry. The preparations of highest specific activity 
(Fig. 1, D) were essentially homogeneous. 

The homogeneity of these high purity preparations was studied in phos- 
phate, barbiturate, and glycylglycine buffers over the range pH 6 to 8.5.? 
The protein concentration ranged from 0.2 to 1.0 per cent, and in phosphate 
buffer the ionic strength ranged from 0.03 to 0.18. Under these conditions, 
both ascending and descending boundaries exhibited a single peak which 
migrated at a uniform rate throughout the course of the electrophoresis. 

The variation of mobility in phosphate buffers with change in pH follows 
a smooth curve in the range of enzyme stability. Thus the mobility values 
in sq. cm. per second per volt were at pH 7.6, 7.1, 6.6, and 6.0, respectively, 
-7.05 X 10-5, —5.62, —4.64, and —3.85. Extrapolation of this curve 
gives an isoelectric point of about pH 4.0. This value is in approximate 
agreement with solubility studies. However, since the determination of 
mobility on the acid side of the isoelectric point was ruled out by the in- 
stability of the enzyme, the exact determination of the isoelectric point 
was not possible. 

The marked increase in mobility of the enzyme in phosphate buffer 
(7.05 Xx 10-* at pH 7.6), compared to glycylglycine (—6.48 X 10 at 
pH 8.1) and barbiturate’ buffers (—5.0 X 10 at pH 8.6), as well as the 
enhanced solubility and stability (2), suggests binding of phosphate by the 
enzyme. The presence of phosphate in preparations exhaustively dialyzed 
has also been observed. 

In cases, in which purification was achieved by a different procedure 
than the standard one, the mobility was low. It should be pointed out 
that the maximum specific activity of such preparations was less than 
two-thirds the highest activity attainable with the standard procedure. 

Sedimentation Studi 

Pyruvic oxidase preparations in the early stages of purification showed 
at least three components when examined in the ultracentrifuge. The sedi- 
mentation constants (8») of these components were 7, 58, and 85. It was 
possible to separate these fractions by fractional centrifugation in the pre- 
parative ultracentrifuge. All the enzymatic activity was found in the com- 
ponent of % = 58. Also, as the enzyme was purified further, this compo- 
nent increased in area (Fig. 2). The final preparation was close to being 

? At lower pH the solubility of the enzyme is low at these ionic strengths, and at 
higher pH the enzyme is inactivated. 

* After the electrophoresis run in barbiturate buffer, the enzyme had lost much 
of its activity, and, upon dialysis to remove the barbiturate, became insoluble. The 
addition of cacodylate buffer produced a precipitate of insoluble enzyme, and, there- 
fore, electrophoresis studies were not possible with this buffer. 


homogeneous, a result which is in substanial ageement with the electro. 
phoretic data for the same enzyme preparation (Figs. 1, D and 2, C). 
The sedimentation constant of highly purified ensyme was determined 
over a range of protein concentration. No dependence of sedimentation 
on the concentration of protein was noted in the range tested. It is also 
noteworthy that the active component in crude preparations had the same 
sedimentation constant as the more purified enzyme 

— 
the peak maximum. The spread of the peak during the course of the run 
was more than would be predicted from diffusion alone. The distribution 
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Fic. 3. Distribution of sedimentation constants, g(s) versus s at 7° for main com- 
ponent of Fig. 2, C, obtained by extrapolating apparent distribution at any given 
time, g*(s), to the distribution at infinite time, g(s) (4). 


of sedimentation constants is shown in Fig. 3 (4). Pyruvic oxidase ap- 
pears to have a distribution of sedimentation constants which could result 
from variations in size or shape from molecule to molecule. 

It may be concluded that pyruvic oxidase molecules have electrical prop- 
erties and size and shape in a limited class over a range of conditions. 
Thus, this protein has satisfied the first order criteria of homogeneity (5) 
as determined by sedimentation and electrophoresis. 


Diffusion Studies and Molecular Weight 


The diffusion constant was determined in a Tiselius cell at 2°. Protein 
concentration was 0.35 per cent in phosphate buffer of pH 7.1 at ionic 
strength of 0.1. D. was obtained from the plot of (A/H)* against t, where 
A is the area under the curve, H is the maximum height, ¢ is the time in 
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seconds, and D is the diffusion constant in sq. cm. per second. D/ (cor- 
rected from the temperature of the diffusion run to that of the sedimenta- 
tion experiment) was 0.91 x 107’. 

From the equation M = (RTs)/(D(1 — V)) where M is the molecular 
weight, R the gas constant, T the absolute temperature, s the sedimenta- 
tion constant, D the diffusion constant, V the apparent specific volume, 
and p the density of the solvent, the value for the molecular weight was 
calculated by using the value determined for s7 of 40.4 and assuming V 
equal to 0.74 cc. per gm. (3). The calculated value for the molecular 
weight is approximately 4 million. 

The ratio (f/fo) of the frictional coefficients calculated according to the 
usual equations (3) is 1.51. 


1. Preparations of pyruvic oxidase satisfied the first order criteria of ho- 
mogeneity in electrophoresis and the ultracentrifuge under the conditions 


2. The molecular weight is approximately 4 million. The sedimentation 
rate is not dependent on the protein concentration throughout the range 
tested. 


It is a pleasure to acknowledge the interest and advice of Dr. David E. 
Green in this work. The aid of Dr. R. A. Alberty in the preliminary stud- 
ies is gratefully acknowledged. 

This investigation was aided by a grant from the National Heart Insti- 
tute of the National Institutes of Health and by a grant from the Com- 
monwealth Fund. 
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CHOLESTEROL SYNTHESIS BY LIVER 
I. INFLUENCE OF FASTING AND OF DIET* 


By G. M. TOMKINSt anp I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, January 17, 1952) 


It has been amply demonstrated, in several different animals (1-3), that 
the ingestion of large amounts of cholesterol induces arteriosclerosis. A 
more recent finding (4, 5) that the production of a severe lipemia by stil- 
bestrol injection in birds fed low lipide diets results in formation of cho- 
lesterol-laden atheromata indicates that endogenously synthesized cho- 
lesterol may also be implicated in atherogenesis. It is of some importance 
therefore, to characterize the factors that influence the rate of cholesterol 
synthesis within the body. It is shown here that nutritional state is of 
major importance. Fasting for as little as 24 hours results in a pronounced 
reduction in the capacity of liver to incorporate acetate carbons into 
cholesterol. While carbohydrate or protein is shown to restore this ca- 
pacity to the liver, a striking finding is that fat alone is also effective in this 
respect. 

EXPERIMENTAL 


Treatment of Rats—Rats of the Long-Evans strain were maintained on a 
stock diet containing 55 per cent carbohydrate, 26.5 per cent protein, and 
9 per cent fat. The duration of fasting is indicated in Tables I, III, and 
IV; during this time, water was allowed ad libitum. Intubation of glu- 
cose, fat, or of a protein hydrolysate was carried out in unanesthetized 
animals with a No. 10 French rubber urethral catheter. 

Incubation Procedure—The rats were sacrificed by a sharp blow on the 
head, and their livers were quickly excised, weighed, and placed in ice- 
cold Krebs’ bicarbonate buffer, pH 7.4 (6). Slices approximately 0.5 mm. 
thick were prepared free-hand. 500 mg. portions of slices were blotted 
and incubated at 37.5° for 3 hours in Krebs’ bicarbonate buffer, as de- 
scribed earlier (7). 

Substrate—CH,;C“OONa was prepared from BaC"“O; by the method of 
Calvin et al. (8). 

Analyses—C"O, was trapped on the rolled filter paper in the central 
well of the flask. An aliquot of the total CO, was precipitated as BaCO,, 
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mounted on filter paper, and its C content determined as described in a 
previous report (8). 

The entire contents of the flask were hydrolyzed with alcoholic KOH 
and then acidified to the brom cresol green end-point (pH 4) with 6 n HCI. 
The lipides were extracted from the acidified mixture with petroleum ether 
until radioactivity was no longer detected in the petroleum ether extract. 
Cholesterol was precipitated as the digitonide and washed first with a 
mixture of equal parts of acetone and ether, then with ether, and finally 


Tasie I 
Effect of Fasting on Cholesterol Synthesis by Rat Liver Slices 
Male rats were used. 500 mg. of liver slices were incubated for 3 hours at 37.5° 
in 5.0 cc. of Krebs’ bicarbonate buffer in the presence of CH, Ci OONa. 


Per cent added Cx 
Experiment | Rat No. | Hrs. fasted | Weight Of | Acetate-1-Cu added per bath —— 
CO: | Cholesterol 
em. 

1 1 0 8.2 1 3 X 10 51.5 1.70 

2 0 9.6 48.2 0.95 

3 0 9.1 45.4 0.62 

4 24 6.4 37.5 0.17 

5 24 6.1 40.5 | 0.12 

6 24 2.7 37.4 0.02 

7 24 2.5 47.6 | 0.10 

8 24 2.5 51.0 | 0.03 

II 9 48 2.0 5 4X 105 40.5 0.07 

10 48 3.0 30.7 0.33 

11 48 2.5 44.5 0.17 

1II 12 72 5.0 1 3 * 10% | 41.8 | 0.035 

13 72 4.8 34.4 | 0.014 

14 72 6.1 42.6 0.004 

15 72 5.5 47.2 0.036 


with hot water, until no activity appeared in the washings. The digitonide 
was then either oxidized to CO, by the Van Slyke-Folch method (9), and 
mounted as BaC"Os, or it was dissolved in hot methanol, and an aliquot 
of the methanol solution was mounted directly in an aluminum cup. 
Radioactivity was determined with an end window Geiger-Müller tube. 
Results 

The effects of fasting upon incorporation of acetate carbon into cho- 

lesterol are shown in Table I. Under the conditions of this study, 500 mg. 


portions of liver slices prepared from non-fasted rats converted from 0.6 
to 1.7 per cent of the added acetate-C to cholesterol. A severe reduction 
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in this incorporation was observed in the experiments carried out with the 
livers of rats that had been fasted 24, 48, or 72 hours. 


Tant II 
Effect of Caloric Restriction on Cholesterol Synthesis by Liver Slices 
Male Rats 1 and 2 were fed ad libitum and ate 12 to 16 gm. of diet per day. Rats 
3 to 5 were fed one-half the average intake of the controls. The rat weights were 
initially 250 to 350 gm. Carboxyl-labeled sodium acetate was used, 3 um containing 
6.3 X 10° c.p.m. per flask. 


Per cent C™ recovered as 
* COs Cholesterol 
1 Ad libitum +48 43.0 1.01 
2 +16 44.1 1.70 
3 Half ration —60 47.0 0.23 
4 2 “ — 56 38.2 0.12 
5 = 2 —36 39.4 0.30 
III 


Effect of Carbohydrate and Protein on Cholesterol Synthesis by Liver Slices from 
Female Rats 


All rate were first fasted for 44 hours. The control group was fasted for an addi- 
tional 24 hours and sacrificed. Rats 4 to 6 received by stomach tube 4 gm. of glucose 
every 6 hours for 24 hours, at which time they were sacrificed. Rats 7 to 9 received 
4 gm. of a casein hydrolysate (Stuart) every 6 hours for 24 hours and were then 
sacrificed. Each flask contained 5 um of acetate containing approximately 4.6 
X 10° c.p.m. of acetate-1-C"*, 


Per cent C recovered as 
Rat No. Weight 
COs Cholesterol 
om. om. 

1 220 6.5 23.5 0.2 
2 170 5.0 15.8 0.18 
3 170 5.0 35.5 0.02 
4 240 10.0 Glucose 13.9 1.37 
5 232 11.0 a 33.0 2.85 
6 240 10.0 as 21.1 1.70 
7 332 12.5 Protein 30.0 2.90 
8 262 9.0 = 29.0 2.68 
9 250 8.0 * 27.1 1.84 


The effect of caloric restriction for 12 days is shown in Table II. Rats 
1 and 2 were allowed to eat ad libitum, and half the average amounts in- 
gested by these two rats was fed to Rats 3 to 5. The latter lost from 36 
to 60 gm. by the time the 12 days had elapsed. It should again be noted 
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that 1 or more per cent of the added C™ was recovered in the experiments 
with the livers of the rats fed ad libitum, whereas 0.3 per cent or less of the 
added acetate-C was recovered as cholesterol in the experiments with the 
livers of rats fed the half ration. 

The effect of glucose, protein, and fat on the capacity of the liver to 
synthesize cholesterol is shown in Tables III and IV. Rats 1 to 3 (Table 
III) were fasted for 68 hours and then sacrificed. Their livers converted 
0.2 per cent or less of the added acetate-I- C to cholesterol. Rats 4 to 9 
were first fasted for 44 hours, then fed during the next 24 hours, by stomach 


Tasie IV 
Effect of Fat on Cholesterol Synthesis by Liver Slices from Female Rats 
All rats were first fasted for 40 hours. The control group was fasted an additional 
24 hours and sacrificed. Rats 5 to 8 received by stomach tube 3 gm. of Mazola every 
8 hours for 24 hours, at which time they were sacrificed. Each flask contained 4 uu 
of acetate containing 2.9 X 10 c.p.m. of acetate-1-C", 


Per cent Ci recovered as 
Rat No. Weight weicht of liver | Fed by 
Cholesterol 
tm. im. 

1 142 5.5 59.8 0.08 
2 148 5.0 58.1 0.03 
3 145 4.5 56.2 0.12 
4 145 5.0 61.5 0.01 
5 144 6.0 Fat 46.7 3.12 
6 160 6.0 zs 40.8 1.12 
7 180 7.0 10 13.9 1.85 
8 100 3.1 2 33.7 1.46 


tube, either 16 gm. of glucose or 16 gm. of a protein hydrolysate. The 
recoveries of cholesterol-C™ in these fed animals were normal. Table IV 
shows that the feeding of fat alone also restores cholesterol synthesis to 
normal in the liver of the fasted rat. 


It was shown earlier, in this laboratory, that a short fast impairs drasti- 
cally the ability of the liver of the rat to convert glucose or acetate to fatty 
acids (10, 11). Dietary carbohydrate appeared to occupy a singular posi- 
tion in this effect. A single feeding of glucose to the fasted rat restored 
completely the ability of its liver to synthesize fatty acids. In contrast, 
fat had no effect in restoring hepatic lipogenesis. Although the adminis- 
tration of 5 gm. of a protein hydrolysate did stimulate lipogenesis, the 
effect was in no way comparable with that observed with 5 gm. of glucose. 
It was therefore suggested that glycolytic activity is necessary for the 
maintenance of fatty acid synthesis. 
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The present findings show that fasting, or, for that matter, caloric re- 
striction, also depresses to an extraordinary extent the liver’s capacity for 
cholesterogenesis. Indeed, fasting for only 24 hours resulted in a 10-fold 
reduction in the incorporation of acetate-1-C" to cholesterol by the liver. 
Dietary carbohydrate, however, is not unique in restoring to this organ 
its ability to form cholesterol. All three dietary constituents, carbohy- 
drate, protein, and, interestingly enough, fat, stimulated hepatic cho- 
lesterogenesis to about the same extent. 

Brady and Gurin (12) and Curran (13) have shown that acetoacetate is 
an intermediate in cholesterol synthesis, and it might therefore be argued 
that the reduced cholesterol-C" recoveries observed in the experiments 
with fasted livers reflect merely dilution of the added CM by the increase 
in the acetoacetic acid formed as a result of fasting. That this is an un- 
likely explanation for the reduced cholesterogenesis in the fasted liver is 


_ shown by the finding that the feeding of fat alone increases cholesterol 


formation from added acetate in the liver. 
SUMMARY 


1. The effect of nutritional state of the rat upon the capacity of its liver 
to synthesize cholesterol from acetate was studied. 

2. Fasting for 24 hours or longer reduced the liver’s ability to incorporate 
acetate carbon into cholesterol. 

3. Caloric restriction for several days also reduced the liver’s ability to 
form cholesterol. 

4. The administration of either glucose or a protein hydrolysate or fat 
restored cholesterol synthesis to normal in the fasted rat liver. 
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THE SUSPENDING MEDIUM FROM IRRADIATED YEAST* 


By E. D. THOMAS, F. B. HERSHEY,$ ANNE M. ABBATE, anp J. R. 
LOOFBOUROW$ 


(From the Department of Biology, Massachusetts Institule of Technology, Cambridge, 
Massachusetts) 
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Yeast cells suspended in distilled water, when damaged by prolonged 
sublethal dosages of ultraviolet radiation, liberate substances into the 
suspending medium capable of producing marked proliferation of normal 
yeast cells (1). This effect is encountered without appreciable killing of 
the irradiated cells. Previous communications have presented evidence 
that members of the vitamin B complex and amino acids are released from 
the irradiated cells in considerable quantities (2, 3). These substances 
account for a large part, but not all, of the proliferation-promoting effect. 
Release of nucleotides and nucleosides into the suspending medium has 
also been reported (4). The presence of these substances is indicated by 
the following facts. (1) After irradiation the suspension medium is found 
to have an absorption spectrum with a maximum at 2600 A, characteristic 
of nucleic acid derivatives (5). (2) Chemical analyses of the suspension 
medium by the method of Kerr and Blish (6) and Kerr (7) showed large 
amounts of nucleotide and nucleoside and free purine nitrogen compared 
to unirradiated controls. The importance of these compounds is indicated 
by the following evidence. (1) The chemically isolated nucleotide frac- 
tion when combined with amino acids and vitamin B factors duplicated 
the proliferation-promoting effect of the original material. (2) The amount 
of growth is proportional to the concentration of nucleic acid derivatives 
as measured by the absorption at 2600 A. 

It seemed desirable to separate quantitatively the nucleotide-like com- 
ponents of the irradiated suspension medium and evaluate their réle in 
the proliferation-promoting effect. The recent application of the anion 
exchange column to the separation of nucleotides by Cohn (8) seemed 
very suitable for this purpose. Material prepared in this way is free of 
toxic heavy metals which may contaminate chemical preparations. 

* This study was aided by a grant from the American Cancer Society, on recom- 
mendation of the Committee on Growth of the National Research Council. 

t Fellow in the Medical Sciences of the National Research Council (1950-51). 

t Public Health Research Fellow of the National Cancer Institute (1949-51). 

§ Deceased January 22, 1951. 
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Methods | 


For the assays, Saccharomyces cerevisiae, Fleischmann’s bakers’ strain, | 
obtained from 48 hour slants on Sabouraud’s medium was used. The ) 
yeast was washed off the slant, centrifuged, and washed two times, and 
then suspended in double strength Reader’s medium (9) or supplemented 
Reader’s medium (4) in a concentration of 0.128 mg. of dry weight per ml. 


ION EXCHANGE EXPERIMENT NO. 1/8 


COLUMN: acm? x cu. 
RESIN: DOWEX 2 250 MESH ’ 
ELUTION VOLUME: socc. PER TUBE 

ELUENT: HCL 

FLOW RATE: / MIN, 


TEST MATERIAL: 1000 ML.YEAST 
IRRADIATED SUPERNA 
AT pH 8.5 


99 
— 0 


hu 


V YEAST CROP (Mgm. Dry Wt. / MI. Culture) 


OPTICAL DENSITY AT 2600 A 
0 

~ GAMMA AMINO NITROGEN 


pH 1.0F 

8 0.8 
6 
4 0.559 
2 

0 


FRACTION NUMBER 


2.6 2.4 
ELUENT pH 
Fig. 1. Diagram of anion exchange column elution 


Supplemented Reader’s medium contained vitamins and amino acids in 
the amounts previously described (4). 2 ml. of this suspension were added 
to 2 ml. of test material. The cultures were grown in calibrated 1 cm. 
square photoelectric densitometer tubes, which permitted repeated direct { 
densitometer readings. These readings were converted to mg. of dry ’ 
weight of yeast per ml. from a calibration curve. The tubes were inserted 
in a large wheel at an angle of 17° from the horizontal, producing a culture 7 
surface of approximately 3 sq.cm. The wheel was enclosed in an insulated 
box kept at a temperature of 30° + 0.5°. Humidifying wicks were present 
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to prevent evaporation. The wheel was rotated at a rate of 64 cycles 
per minute. The duration of the test was 24 hours. Sterile precautions 
were observed throughout. 
| 
Ry Values of Nucleic Acid Derivatives and Vitamins 
Average of at least three determinations. 


Butanol-urea citrate-| 0.8 ~ HClin 

e 0.41 0.38 0.40 
D 0.31 0.54 0.40 
Yeast adenylic acid a................ 0 0.69 0.55 

Muscle adenylic acid................. 0 0.69 0.55 
0.57 0.73 0.64 
Methyleyto sine 0.29 0.73 0.60 
0.26 0.75 0.49 
0.17 0.82 0.48 
e 0 0.84 0.57 
vodceves 0 0.49 0.46 
D 0.21 (Streaks) 0.42 0.30“ 
r 0.16 0.58 0.47 
F 0 0.73 0.51“ 
0.67 0.70 0.90 
6-Methyluracil...................... 0.53 0.71 0.86 
D 0.41 0.75 0.78 
Uridylic acid 0 0.88 0.86 
Hypoxanthine........................ 0.29 0.62 0.39 
Z 0.13 0.73 0.38 
0.26 0.43 0.36“ 
0.03 0.61 0.37° 
Deen 0.18 (In acid) 0.71 
Cocarboxyl asse 0 0.89 0.45 
0.15 0.79 0.51 
e 0.29 0.76 0.66 
0 0.71 0.12 
p-Aminobenzoic acidf................ 0.74 0.72* 0.89* 

* Purple fluorescence. 


t With nicotinic acid and p-aminobenzoic acid reproducible N values are ob- 
tained only in acid solution. p-Aminobenzoic acid is made visible under the ultra- 
violet lamp by NH,. 

The irradiation of yeast suspensions with ultraviolet light and the prepa- 
ration of cell-free irradiated supernatant (IS) fluids have been described 
previously (4). 

Dowex 2 anion exchange resin, 250 to 500 mesh, was poured in a 4 sq. 
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cm. column to a depth of 12 cm. The column was washed with 1 n HCl 
and then with distilled water until no chloride could be detected with 
AgNO; in the run through. The irradiated supernatant was adjusted to 
pH 8.5 and dripped onto the column at a rate of 1 ml. per minute. The 
column was then washed with water until the optical density at 2600 A 
of the run through was less than 0.5, at which point HCl at pH 2.7 was 
started as the washing fluid. Subsequent changes in the pH of the eluent 
are indicated in Fig. 1. 

The general method of paper chromatography, the location of spots 
with the ultraviolet lamp, and the preparation of the butanol-urea solvent 
system are described by Carter (10). When desired, the spots were cut 
out of the paper, eluted with distilled water for 24 hours, and used for 
determination of spectra or lyophilized for other studies. 

The sodium citrate-isoamy] alcohol system! is similar to Carter’s sodium 
phosphate-isoamyl alcohol system but allows phosphate analyses to be 
made on the material eluted from the paper. The tertiary butanol-HCl 


solvent system is described by Smith and Markham (11). Table I gives 
the average R, values in these solvents of compounds relevant to the 
present study. 


Hydrolysis of the purine nucleotides to parent bases was accomplished 
by heating at 100° for 1 hour in 1 n HCl (11). This method was also used 
for the initial hydrolysis of the polynucleotides. Pyrimidine nucleotides 
were hydrolyzed in a bomb tube with formic acid, as described by Vischer 
and Chargaff (12). 

Amino nitrogen was determined by the colorimetric ninhydrin method 
of Moore and Stein (13) with leucine as the reference standard. 

Ultraviolet absorption spectra were determined with the Beckman model 
DU spectrophotometer. 

Results 
Chromatographic Analysis 

After numerous preliminary experiments, eleven ion exchange separa- 
tions have been carried out by the present technique on six batches of IS. 
All have shown essentially the same results except for minor variations 
in degree of separation and amount of each compound. Ion exchange 
Experiment No. 118 is discussed here as a typical example. 

1000 ml. of IS 34 having a Dseoo of 10.505 were passed through the col- 
umn. The run through including the water wash was adjusted to a 
volume of 1000 ml. by evaporation. Its D. soo was 6.042, indicating that 
43 per cent of the optical density remained on the column. 

1 Personal communication from the Schwarz Laboratories, Mount Vernon, New 
York. 
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During the elution with increasing concentrations of HCl, 280 fractions 
were collected and fifteen peaks of optical density were separated. These 
peaks are referred to by letter, as indicated in Fig. 1. Calculation of the 
total optical density eluted from the ion exchange column indicated a re- 
covery of 110 per cent. 

Peak A, when placed on paper and chromatographed, had R, values of 
0.23 in butanol-urea, 0.43 in sodium citrate-isoamy! alcohol, and 0.26 in 
tertiary butanol-HCl. Its spectrum in acid and neutral solution had a 


II 
Identification of Nucleotides of Yeast Nucleic Acid 


— Hydrolysis product" 
Peak — Probable identity 
Absorption 
|= | 
Rr Rep | Re | Rr Rr 
C 0 | 0.84 | 0.57 0.26 | 0.75 | 0.49 287 Cytidylie acid 
D | 0 | 0.69 * Yeast adenylic 
0.41 | 0.38 | 0.40 280 acid a 
E 0 | 0.61 | 0.55 Yeast adenylic 
acid b 
0 0 | 0.88 | 0.86 0.41 | 0.75 | 0.78 258 Uridylie acid 
H 
} 0 | 0.73 | 0.51f 0.21 | 0.42 0.3027, 7 Guanylie “ 


* Pyrimidine nucleotides were hydrolyzed with formic acid, purine nucleotides 
with HCl as described under Methods.“ 
Purple fluorescence. 


maximum at 2680 to 2700 A, and in alkali two maxima appeared at 2400 A 
and 2750 A. These properties are typical of xanthine. 

Peak B showed R, values of 0.76 in sodium citrate-isoamy! alcohol and 
0.66 in tertiary butanol-HCl. In neutral or alkaline solution there was no 
migration in butanol-urea, but in acid solution the R, was 0.29. The 
spectrum showed a maximum at 2620 A, and no significant change in 
location with changing pH. There was an increase in extinction coef- 
ficient in acid solution. These characteristics were found to be identical 
with those of nicotinic acid. 

All the remaining fractions illustrated in Fig. 1 were found to contain 
phosphate and ribose in varying amounts. Inspection of the data in 
Table II indicates that Peaks C through J are the expected nucleotides of 
yeast nucleic acid. Peaks F, G, and H were all found to have R, values 
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identical with uridylic acid and yielded uracil on hydrolysis. Two isomers 
of each nucleotide have been found by Cohn (14). The presence of a third 
peak suggests that uridine-5-PO, may be present, but no further work has 
been done on this question. Fraction 162 has not been identified because 
of the small amount of material available. It may be an artifact due to 
the change in acid at that point in the fractionation. 

Peaks K, L, and M were found to contain polynucleotides, yielding the 
four bases of yeast nucleic acid on hydrolysis. 

Bioassay 

A dilution curve of the growth-stimulating properties of the original IS 
was compared with that of the run through in Reader’s medium. At 
optimal concentrations of 0.05 ml. per ml. of culture, the IS gave a yeast 
crop of 1.0 mg. of dry weight per ml. of culture above the control, while 
the run through yielded a yeast crop of 0.5 mg. It is apparent that ap- 
proximately 50 per cent of the growth-stimulating material remained in 
the column, a figure corresponding closely to the fraction of optical density 
on the column. 

Fig. 1 shows the growth stimulation produced by each fraction from the 
anion exchange column from Fraction 34 through Fraction 122. Tests 
on all other fractions showed no growth stimulation. It may be seen that 
there is a broad zone of growth stimulation beginning with Fraction 60 
and extending through Fraction 101. Most of this zone of growth stimu- 
lation occurred in an area where there was no absorption at 2600 A, in- 
dicating that it is not due to nucleotide derivatives. It does, however, 
overlap Peaks B and C. Before Peaks B and C had been identified, at- 
tempts to purify the optically dense material by paper chromatography 
resulted in progressive loss of growth-stimulating property. There was 
no growth stimulation from the ultraviolet-absorbing fractions when as- 
sayed in supplemented or unsupplemented Reader’s medium. 


DISCUSSION 


Previous studies (1-5) had indicated that the growth-stimulating prop- 
erties of IS were directly related to the optical density of the material 
at 2600 A. This assumption seemed to be borne out when it was found 
that 43 per cent of the optically dense material and 50 per cent of the 
growth-stimulating activity were absorbed by the anion exchange column. 
However, we have shown by fractional elution that this assumption is 
unjustified for that fraction of the material absorbed on the column, since 
it was found that the optically dense material bore no relation to growth 
stimulation. 

A group of fractions from the anion exchange column was found to 
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stimulate growth. These fractions had no optical density, ribose, or phos- 
phate. The growth stimulation did roughly parallel the amino nitrogen 
content (Fig. 1), suggesting that at least a part of the activity of these 
fractions may be due to amino acids or peptides. Further investigation 
of these fractions is planned. 

The quantities of material eluted from the anion exchange column were 
too small to permit exact chemical identification. Consequently identi- 
fication was based on the following factors: (1) pH and volume required 
for elution from the column; (2) ultraviolet absorption spectrum, usually 
carried out at pH 2, 7, and 11; (3) N, values in three different solvent sys- 
tems in comparison with known samples of the suspected compound; 
(4) nature of the hydrolysis products. When the identity of a compound 
was suspected, it was chromatographed on the same paper with known 
samples of the compound. If the R, values in three solvents were identi- 
cal, the absorption spectra of the known and unknown were compared at 
three pH values. The samples were subjected to identical hydrolysis 
procedures and the products compared in the same manner. Such a 
method of identification lacks the nicety and certainty of elementary 
analysis of a crystalline compound. Under suitable conditions it is quite 
reliable, however, and may be the only possible method of identification of 
components when only small amounts of a complex mixture are available 
for analysis. 


SUMMARY 


1. The growth-stimulating activity of cell-free suspension fluids from 
yeast irradiated with sublethal dosages of ultraviolet light was investigated 
by means of the ion exchange column. 

2. It was found that the nucleotide-like substances consisted of xanthine, 
nicotinic acid, the mononucleotides of yeast nucleic acid, and polynucleo- 
tides, none of which stimulated the growth of yeast either in an unsup- 
plemented medium or in a supplemented medium. 

3. The substances responsible for growth stimulation appeared in elu- 
tions containing amino nitrogen but exhibiting no optical density at 2600 A. 
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AN OPTICAL STUDY OF DIPHOSPHOGLYCERATE MUTASE 


By S. RAPOPORT Adv J. LUEBERING 
(From the Children’s Hospital Research Foundation, Cincinnati, Ohio, and the Institute 
of Medical Chemistry of the University of Vienna, Vienna, Austria) 


(Received for publication, December 26, 1951) 


In an earlier study (1) evidence was obtained for the existence in rabbit 
erythrocytes of a diphosphoglycerate (Di-P-GA) mutase, an enzyme 
thought to catalyze the transfer of phosphate from 1,3- to 2,3-P-GA. 
The reaction was studied in a system in which the 1 ,3-P-GA was furnished 
by 3-P-GA and adenosinetriphosphate (ATP) through the agency of the 
Bücher enzyme, the 1 ,3-P-GA-ATP transphosphorylase; increase of stable 
P was taken as evidence for the formation of 2,3-P-GA. The best proof 
for the existence of a mutase consisted in the behavior of preparations 
obtained from erythrocytes by fractionation with ammonium sulfate, 
which no longer formed stable P from ATP and 3-P-GA without addition 
of acetone powder of muscle as a source of the Bücher enzyme. 

In view of the indirect nature of the evidence it appeared desirable to 
study the mutase reaction in a system in which 1 ,3-P-GA would be fur- 
nished in the absence of either 3-P-GA or ATP. It was hoped under such 
conditions to obtain an indication as to whether or not the diphosphoglyc- 
erate mutase reaction, like others of this kind, needed an accelerator, 
which in the present case by analogy might be 3-P-GA. The system pre- 
viously studied appeared unsuitable for demonstration of the rdéle of 3-P- 
GA, since a large excess of 3-P-GA was always added. Finally it was 
hoped to dispose decisively of the remote possibility that 2,3-P-GA was 
formed from 3-P-GA by transfer of P from ATP by means of a kinase 
reaction. 

In the studies to be reported the 1 ,3-P-GA was formed from phosphoglyc- 
eraldehyde and diphosphopyridine nucleotide (DPN) through the agency 
of the crystalline dehydrogenase. The phosphoglyceraldehyde in turn was 
produced from fructose diphosphate by means of crystalline aldolase. 
Without intervention of Di-P-GA mutase an equilibrium would be estab- 
lished in the system containing fructose diphosphate, DPN, aldolase, and 
phosphoglyceraldehyde dehydrogenase, which would depend on pH and 
relative amount of the substrates. Addition of mutase, depending on the 
activity of the enzyme, would lead to the removal of 1 ,3-P-GA, with equiv- 
alent reduction of DPN; thus the mutase reaction may be followed optically 
by measurement of the rate of reduction of DPN at 340 ma. 
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the enzymes concerned. 


(1) Fructose diphosphate —— 2 phosphotrioses 
Aldolase 

(2) Phosphoglyceraldehyde + DPN + phosphate ad 

Dehydrogenase 

1,3-P-GA + DPNH, 
(3) 1,3-P-GA — — 2,3-P-GA 
Di-P-GA-mutase 
Materials and Methods 


Commercial fructose diphosphate was purified by reprecipitation from 
0.2 n HBr (2). DPN was a commercial preparation of about 80 per cent 
purity. Crystallized aldolase and phosphoglyceraldehyde dehydrogenase 
were prepared according to Taylor et al. (3) and Cori et al. (4). Each 
enzyme was recrystallized three times before use. Diphosphoglycerate 
mutase was prepared from rabbit erythrocytes (1). The enzyme was 
fractionated with ammonium sulfate until minimal amounts of stable P 
were formed without addition of muscle powder. 

The tests were performed in the cuvette of a Beckman spectrophotom- 
eter. The final volume was 3 cc., and the densities at 340 my were 
recorded. A phosphate-cysteine buffer of pH 7.20 was used unless other- 
wise noted. The final concentration of phosphate was 0.02 M, of cysteine 
0.003 m. The system contained usually 30 um of fructose diphosphate, 
0.12 mg. of aldolase, 0.15 mg. of phosphoglyceraldehyde dehydrogenase, 
and 0.75 mg. of DPN. The temperature was constant within each ex- 
periment but varied among experiments from 24-29°. 


Results 


The essential data are presented in Figs. 1 to 5. It may be seen in 
Fig. 1 that addition of aldolase, as to be expected, had no effect on the 
optical density; dehydrogenase led to an instantaneous rise with establish- 
ment of an equilibrium; with addition of mutase, the density increased 
again. The rate of increase was approximately proportional to the amount 
of enzyme used. 

In Fig. 2 is depicted the effect of variations in the amount of DPN and 
fructose diphosphate on the mutase reaction. Their effect expresses it- 
self in differences in the concentration of reduced DPN and thus of 1,3- 
P-GA, as indicated by the densities observed after addition of phospho- 
glyceraldehyde dehydrogenase. Over the narrow range of 25 per cent 
in the concentration of 1,3-P-GA there was no detectable effect on the 
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rate of reaction. It may be concluded from these data that the mutase 
probably was saturated with respect to the substrate, 1,3-P-GA, and 
that neither DPN nor fructose diphosphate exerted a significant effect 


on the enzyme. 
In Fig. 3 is shown the pH dependence of the mutase reaction. The 


MUTASE RATE 

8 „ 0. 15 0. 105 

0. 10 0. 066 
= e 0.05 0. 037 


MINUTES 


Fic. 1. The effect of varying amounts of the Di-P-GA mutase. The system con- 
tained 3.0 um of fructose diphosphate, 0.15 um of 3-P-GA, 1.5 mg. of DPN, and phos- 
phate-cysteine buffer of pH 7.25. The volume was 3.0 cc.; temperature, 29.0°. At 
(1) 0.12 mg. of crystalline aldolase, at (2) 0.15 mg. of phosphoglyceraldehyde dehydro- 
genase, and at (3) varying amounts of mutase, as indicated, were added. The graph 
is arrived at by superimposition of three experiments, with adjustments of the order 
of a few thousandths in the absolute values of density, of the curves of individual 
experiments, to enable direct comparison. The rate of enzyme reaction is expressed 
as the change of density per minute. 


curve resembles that obtained previously in showing an optimum at about 
pH 7. On the alkaline side the activity in the present experiments did 
not fall as precipitously as in the former study. 

In Fig. 4 are presented experiments on the influence of 3-P-GA on the 
mutase reaction. It may be seen that the reaction proceeded at about 
40 per cent of the maximal rate even without addition of any 3-P-GA. 
0.030 um of 3-P-GA in the system increased the velocity by 50 per cent, 
and a 5-fold amount led to maximal acceleration. 

In Fig. 5 is shown the effect of 2,3-P-GA on the mutase reaction. A 
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Fia. 2. The effect of variation of DPN and fructose diphosphate. The conditions 
were identical with those described for Fig. 1 except for variation in the amount of f 
DPN and fructose diphosphate as shown in the body of the graph. At (J) 0.1 ee. 7 
of mutase was added. The temperature was 24.3°. f 


5 6 ? 8 9 
pH 
Fic. 3. pH-activity curve. The conditions were as described in the legend to 
Fig. 1 except for variation of the phosphate buffer to achieve the pH values indi- 
cated. 0.10 cc. of mutase was added in each experiment. The temperature was 
23.4°. The rate is given as change of density per minute. 
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8 Fic. 4. The effect of 3-P-GA. The standard conditions were employed except 
f for variation in the amount of 3-P-GA added, as indicated in the body of the graph. : 


‘ The temperature was 29.0°. At (1) 0.12 mg. of aldolase, at (2) 0.15 mg. of phospho- 
glyceraldehyde dehydrogenase, and at (3) 0.10 cc. of Di-P-GA mutase were added. 
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Fic. 5. The effect of 2,3-P-GA. The experimental conditions were as described 


for Fig. 1, except for addition of 2,3-P-GA in one experiment. The temperature 
was 24.3°. 
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significant inhibition, to about 0.1 the optimal rate, was observed when 
6 um of 2,3-P-GA were added. 

Not presented are experiments which showed the lack of effect of ATP 
and adenosinediphosphate on the mutase reaction. 


DISCUSSION 


The experiments presented confirm the existence of an enzyme which 
catalyzes the transfer of P from 1, 3- to 2,3-P-GA. They indicate clearly 
that the transfer is accomplished without mediation of a nucleotide. Thus 
one is dealing with a mutase and not a kinase: The great increase in rate 
of reaction occasioned by addition of 3-P-GA argues strongly in favor of a 
catalytic réle of 3-P-GA, such as is played by 2,3-P-GA in the phospho- 
glycerate mutase and glucose-1 ,6-phosphate in the phosphoglucomutase 
reaction. The reaction in the case of the diphosphoglycerate mutase may 
be formulated as follows 


1,3-P-GA + 3-P-GA = 2,3-P-GA + 3-P-GA 


with constant regeneration of 3-P-GA. 

The sizeable rate of reaction without any addition of 3-P-GA is probably 
explicable on the basis of the lability of 1, 3-P-GA, which may decompose 
spontaneously at a sufficiently rapid rate to furnish catalytic amounts of 
3-P-GA. 

The inhibition of the reaction by 2,3-P-GA points toward a significant 
affinity of the enzyme toward the reaction product, which may be esti- 
mated to be of the same order of magnitude as that toward the substrate. 

The diphosphoglycerate mutase reaction differs from the other mutases 
by the considerable fall in free energy, more than 10,000 calories under 
standard conditions, which is associated with the transfer of P from the 
carboxyl to the secondary alcohol group. It thus shares with the hexose 
kinases the practical irreversibility. 


SUMMARY 


Diphosphoglycerate mutase was studied optically in a system in which 
the rate of reduction of DPN was proportional to the disappearance of 
1,3-P-GA. The mutase reaction was accelerated by 3-P-GA, and it 
would appear that 3-P-GA serves as a catalyst in the manner of the di- 
phosphate ester in the case of phosphoglycerate and phosphoglucomutases. 
The Di-P-GA mutase is inhibited by 2,3-P-GA. 
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A METHOD OF HISTIDINE DETERMINATION BASED 
UPON A MODIFIED KNOOP REACTION 


By ANDREW HUNTER 


(From the Department of Pediatrics, University of Toronto, and the Hospital for Sick 
Children, Toronto, Canada) 


(Received for publication, January 2, 1952) 


In the Knoop test for histidine (1), a characteristic color is developed 
by heating at 100° the product resulting from treatment of the base in 
acid solution with bromine. In the application of this test to quantitative 
purposes, its technique has been variously modified (2-14), but, with one 
recent exception (13), all modifications hitherto proposed have retained 
the use of heat, more or less intense and more or less prolonged, for the 
development of the color. In reality heating is not at all necessary. If 
an appropriately diluted histidine solution is brominated at pH 1.0, and, 
after destruction of excess bromine, is brought by addition of sodium 
acetate, together with a trace of copper, to an acidity not too far removed 
from pH 5.0, there presently appears, at ordinary room temperature, a 
brilliant rose-violet color, which under optimal conditions reaches maxi- 
mal intensity within 15 minutes. This fact, so long apparently unnoticed, 
provides a basis not only for the qualitative test recently reported (15) 
but also for the method of histidine determination now to be described. 
Both applications possess, over previous procedures, an obvious advantage 
of convenience. A further advantage, that of superior sensitivity, is 
gained by due attention to a variety of factors already known, or now 
discovered, to affect the depth of color obtained from a given amount of 
the base. 

Discussion of the factors referred to will come most conveniently after 
a description of the quantitative method as finally evolved. The descrip- 
tion assumes the use of the Evelyn photoelectric colorimeter, but could 
readily be modified to suit any other colorimeter or spectrophotometer. 
For the present, the method is applicable only to neutral unbuffered solu- 
tions containing no significant quantity of any substance which affects 
the development of the histidine color. It cannot be applied directly to 
urine or to unfractionated protein hydrolysates. 

Reagents— 

1. Sulfuric acid, 1.9 to 2.0 N. 

2. Bromine reagent. 0.5 ml. of bromine is dissolved in 50 ml. of terti- 
ary butyl alcohol, and the solution is made up to 100 ml. with water. If 
kept in a dark refrigerator, this solution will maintain its strength for 2 
or 3 weeks. 
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3. Arsenite reagent. 3 gm. of arsenous oxide are dissolved in 10 ml. of 
10 per cent NaOH, and the solution is diluted with water to 100 ml. 

4. Acetate mixture. To about 90 ml. of water are added 2.1 ml. of 
glacial acetic acid and 0.26 ml. of 1 per cent CuSQ,-5H,O. The mixture 
is made up to 100 ml., and in it are dissolved 100 gm. of sodium acetate 
crystals (with 3H, O). This will give about 172 ml. of a solution, each 
ml. of which contains about 9.6 y of CuSQ,. 

Procedure—The solution under analysis is diluted, if necessary, so that 
5 ml. shall contain not more than 0.33 mg. of histidine. 5 ml. are then 
transferred to a test-tube of 20 mm. diameter, having a graduation mark 
at 10 ml.; 0.5 ml. of the approximately 2 * H,SO,. is added, and the mix- 
ture, having been brought to a temperature of 25°, is treated, in a dim light, 
with 0.25 ml. of the bromine reagent. The tube is stoppered, placed im- 
mediately, under complete exclusion of light, in an air thermostat at 25°, 
and left there for 2.5 hours. Residual bromine is then destroyed by the 
addition of 0.2 ml. (5 to 6 drops) of the arsenite reagent. This is followed 
by 1.2 ml. of the acetate mixture, added rapidly and distributed at once 
by a vigorous shake. The tube is then allowed to stand undisturbed for 
15 (or, in very hot weather, 13 to 14) minutes, during which time the char- 
acteristic color develops to maximal intensity. At the end of the pre- 
scribed interval, the contents of the tube are at once diluted to the 10 ml. 
mark, transferred to an Evelyn colorimeter tube, and read in the Evelyn 
photoelectric colorimeter, with Filter 540, against a blank containing all 
of the reagents. One or two additional readings are made at short in- 
tervals, and the maximal density observed, which only in rare instances 
may be slightly greater than that of the first reading, is taken as the cor- 
rect result. The color does not begin to fade until 30 to 35 minutes after 
the addition of the acetate. There is ample time therefore to run a fairly 
long series of determinations at one sitting. 

The color produced in a successful application of the method has a 
characteristic and readily recognizable brilliance. Any perceptible ad- 
mixture of a dull purplish hue renders the result valueless. Such admix- 
ture, if not due to some fault of technique, indicates the presence of inter- 
fering substances or of an amount of histidine beyond the permissible 
maximum of 0.33 mg. 

The pigment tends to be adsorbed on the glass of the colorimeter tubes. 
After use, therefore, these should be thoroughly rinsed out with 25 per 
cent nitric acid. 

Calibration—Galvanometer readings or the corresponding photometric 
densities are converted into mg. of histidine by reference to a suitably 
prepared calibration curve. Data for a histidine versus density curve 
are summarized in Table I. The curve begins as a straight line (though 
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not taking origin from sero), but falls off somewhat at the higher values 
of histidine. Statistical treatment of all the determinations comprehended 
in the first five groups of Table I gave, for the straight portion, the 


I 
Data for Calibration Curve 
Photometric density 
Histidine No. of determinations 
Mean Standard deviation 
mg. 
0.04 12 0.0905 0.00096 
0.08 71 0.2197 0.00249 
0.12 2 0.3455 
0.16 18 0.465 0.00442 
0.20 3 0.588 
0.24 20 0.701 0.00425 
0.28 3 0.822 
0.32 41 0.919 0.00448 
T * * * 1 
0.5 a 
0.4+ 
> 7 
— 
— 0.3 — 
1 A 
J 0.2 — 
< * 
2 
8 0.1 
1 1 


i 1 * 1 1 
420 460 SOO 340 360 620 660 
WAVE LENGTH -MILLIMICRONS 


Fic. 1. Absorption spectrum of the color developed from 0.24 mg. of histidine in 
a volume of 7.15 ml. Curve A, 15 minutes, Curve B, 60 minutes, after the addition 
of the acetate mixture. Beckman spectrophotometer. Cell thickness, 1 cm. 


equation 
Mg. histidine = photometric density X 0.323 + 0.0004 
This equation is applicable only with densities of 0.6 or less. Greater 
densities must be referred to a graph. 
The data are exactly reproducible only if the conditions herein described 
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are rigidly adhered to. Any change in these conditions (even, for example, 
bromination at a lower temperature) necessitates the preparation of an- 
other calibration curve. 

Spectrophotometry of Pigment—The filter used, Rubicon No. 540, was 
selected on the basis of the spectrophotometric absorption curves, A and 
B, presented in Fig. 1. Curve A, showing maximum absorption at about 
545 my, was obtained at the time, 15 minutes after the addition of the 
acetate mixture, when the color had just reached its greatest intensity. 
Curve B indicates that in the succeeding 45 minutes the average density 
within the spectral region covered by Filter 540 suffered only a slight 
diminution. A more conspicuous change is a considerable increase of 
absorption at the shorter wave-lengths. This corresponds with a visually 
perceptible loss of brilliance. 

Effect of Various Factors on Color Developed in Pure Solutions of Histidine 

The following discussion is concerned with the influence of various fac- 
tors, operative at one stage or another of the procedure, upon the depth 
and character of the color as ultimately developed at room temperature. 
It has no necessary bearing upon the technique of earlier methods in- 
volving the use of heat. 

Bromine—It has been usual to add the bromine in acetic acid solution. 
The adoption here of a neutral solvent makes it easier to control the pH 
of the mixture. The amount recommended is enough to give, in the 
absence of reacting substances other than histidine, a maximum of chromo- 
genic product. An excess, up to twice as much, is harmless (cf. (5)). 
It is essential, however, that all excess be removed before addition of the 
acetate, for in the presence of free bromine the development of color at 
room temperature is completely suppressed. The use of arsenous oxide 
for the removal of bromine was introduced by Conrad and Berg (3). 

pH of Bromination—When all other factors (including pH and elec- 
trolyte concentration during color development) were kept constant, a 
variation of from 0.3 to 0.6 ml. of the 2 n H,SO, at brominat ion (involving 
a pH range of 1.18 to 0.96) was without significant effect upon the final 
result. With lower acidities the yield of color became progressively less; 
so that with 0.1 ml. of H,SO, (pH 1.61) it was only 72 per cent of the maxi- 
mum. The 0.5 ml. adopted as standard practice gives a pH of 1.0. 

Time Required for Complete Bromination—In earlier methods, the bro- 
mine has been allowed to react with the histidine for from 5 (11) to at 
most 20 (6) minutes. When bromination is conducted in the dark, such 
intervals are much too short for the completion of the reaction. This is 
demonstrated in Curve A of Fig. 2, from which it appears that maximal 
depth of color is not to be attained with less than 2 hours of brominat ion. 
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From 2 hours to 4 the result does not vary by more than 1 per cent. The 
optimum seems to be at 2.5 hours. 

Effect of Light upon Bromination—Curve B of Fig. 2 was obtained with 
the same amount of histidine as Curve A and by the same procedure, 
except that bromination was allowed to proceed in diffuse daylight in- 
stead of in the dark. The two curves present a great contrast. With 
exposure to light, the amount of chromogenic derivative obtained reached 
its maximum in 10 to 20 minutes, and was then barely two-fifths of the 
amount ultimately produced in the dark. The exclusion of light during 
bromination is one of the chief factors in the sensitivity of the method 
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| 2 3 
HOURS OF BROMINATION 
Fic. 2. Relation of color density to time of bromination and to light. The photo- 
metric densities of the colors obtained after bromination of 0.32 mg. of histidine for 
various times are expressed as percentages of the observed maximum. For Curve 
A bromination was conducted in the dark, for Curve B in diffuse daylight. On 
Curve A the points represent the average results of three separate experiments. 


now proposed. Its importance has been noted already by Langley (6) 
and, following him, Page (9). 

Copper—By a fortunate accident the distilled water (and consequently 
all solutions and reagents) in use during the early development of the 
method contained traces of copper. Upon the later employment of a 
purer water this contaminant was discovered to have been essential to 
the production of the characteristically brilliant pigment. Experiments, 
in which the otherwise standard procedure was applied in the presence of 
increasing quantities (0 to 23 ) of CuSO,, thereupon yielded the following 
results. (1) In the absence of copper, the color developed was of a dull 
purplish hue having a density (at 540 my) only about 70 per cent of the 
attainable maximum. (2) The amount of copper required to give a maxi- 
mal effect was extremely small and was at least roughly proportional to 


200 — 
A 
/ 
860 | 
| 
4 8 | 
0 
4 


the quantity of histidine reacting. Thus, with 0.08, 0.16, 0.24, and 0.32 
mg. of histidine, maximal density was reached with 2.5, 5.5, 8.0, and 11.5 
7, respectively, of CuSO,. (3) An excess, as well as a deficiency, of copper 
was deleterious. With 23 „, for example, the percentage loss of density 
ran from about 10 with 0.08 mg. of histidine to 3 or 4 with 0.32 mg. (4) 
It was a matter of indifference whether the copper was added before or 
after bromination. The metal, therefore, affects only the stage of color 
development. Presumably the bright pigment, which it is the aim of 
the method to produce, is a copper compound of the duller one appearing 
when that metal is absent. 

In the practical application of these findings it has seemed best to adopt 
for routine use that quantity of CuSO, (11.5 5), which is optimal at the 
highest permissible level of histidine. As a matter of convenience it has 
been incorporated with the acetate. The result is the same as if it were 
added separately. 

pH and Acetate Concentration at Color Development—To elucidate the 
effect of these factors, the acetate solution (made up for the occasion with- 
out copper or acetic acid) was applied in volumes varying, in eight steps, 
from 0.45 to 1.8 ml. This in itself involved a variation in pH of from 4.57 
to 5.50, but, in order to extend the number of combinations tested, the 
pH at certain fixed acetate concentrations was varied within appropriate 
limits by small additions of NaOH or acetic acid. CuSO, was added 
separately in the constant amount of 11.5 +. 

The outcome of such experiments, carried out at three different levels 
of histidine (0.32, 0.24, and 0.12 mg.), was the following. (1) For the 
attainment of maximal color density a certain minimal volume of acetate 
solution is necessary, not less than 1.0 ml. with 0.32 mg. of histidine; with 
smaller quantities, not less than 0.8 ml. (2) Provided that at least this 
minimum is present, color density depends almost exclusively on pH so that 
at any given pH the acetate may be increased to 1.8 ml. without signifi- 
cantly affecting the result. (3) The optimal pH varies with the amount 
of histidine, lying for 0.32 mg. between 5.0 and 5.25, for 0.24 mg. between 
4.85 and 5.05, for 0.12 mg. between 4.6 and 4.85. (4) At low concentra- 
tions of acetate, the development of the color is slow, 1.0 ml. being the 
smallest volume which can be depended on to promote full development 
within 15 minutes. 

Obviously there is no single prescription of pH and acetate which will 
give maximal results at all levels of histidine. The one adopted provides 
optimal conditions (acetate 1.2 ml., pH about 5.15) for 0.32 mg. of his- 
tidine. A lower pH, however advantageous with smaller quantities of 
histidine, is apt, with 0.32 mg., to affect the quality of the color. 
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Effect of Certain Substances upon Color Density 
With a view to possible applications of the method a study has been 
made of the effect of amino acids and of certain urinary constituents. 
Amino Acids—Curve A of Fig. 3 exhibits, in terms of percentage change 
of color density, the result of applying the method to 0.08 mg. of histidine 
in the presence of increasing quantities of a representative monoamino 
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Fic. 3. Effect of isoleucine upon photometric density at two levels of histidine 
and in the presence of different quantities of copper. ‘Percentage change has 
reference in every case to the density found under standard conditions; i. e., in the 
presence of 11.5 7 of CuSO, and without any isoleucine. Additional points beyond 
the compass of the chart, on Curve A, with 64.8 mg. of isoleucine, —3.2 per cent; 
on Curve C, with 43.2 mg., —11.1 per cent (but color atypical). 


was so modified that, in spite of the buffering effect of the amino acid, 
both bromination and color development took place at the standard pH.) 
The general effect shown by Curve A, Fig. 3, is an increase in color 
density. The peak of this increase (+ 4.7 per cent) would appear to be 
reached with about 7 mg. of isoleucine, which represents a 100:1 ratio of 
amino acid to histidine molecules. With larger amounts, the effect pro- 
gressively diminishes, becoming at length (though only when the molecu- 
lar ratio exceeds 700) a negative one. The whole shape of the curve is 
consistent with the hypothesis that the amino acid, uniting in complex 
formation with the copper of the mixture, reduces the effective concentra- 
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tion of that metal. The copper initially present (11.5 y of CuSO,) being 
in excess of the optimum for 0.08 mg. of histidine, a progressive reduction 
would, as that optimum (2.5 y) is approached, enhance the color, and 
then, as it is passed, diminish it. If this explanation is valid, a reduction 
of the initial copper to 2.5 / should result not only in an increase of the 
control, but in a concomitant reversal of the effect produced by small 
quantities of amino acid (Curve B). Furthermore, the effects with 0.32 
mg. of histidine ought to be just the converse. Here the standard pro- 
cedure supplies the optimal amount of copper, so that upon the hypothesis 
offered, amino acids ought to depress color formation (Curve C), while, 
if the initial copper is increased (say to 23 7), the control will be dimin- 
ished, but small quantities of amino acid, bringing the effective concentra- 
tion of copper back toward the optimum, should now enhance the color 
(Curve D). Curves B, C, and D, obtained under the respective condi- 
tions specified, show that with isoleucine each of these expectations is 
realized. 

It seemed likely that all amino — 
react with bromine, would exhibit, molecule for molecule, the same effects 
as isoleucine. This expectation was verified for such monoamino acids 
as were tested: glycine, pui-valine, pi-leucine, DL-serine, and bi-phenyl- 
alanine. I-Lysine and L-arginine, on the other hand, gave with 0.08 mg. 
of histidine significantly greater increases than isoleucine (+6.5 per cent 
at a molar ratio of 80, +6.0 at 320, +3.4 at 640), and with 0.32 mg. of 
histidine smaller decreases (—1.7 per cent at a ratio of 80). 

A practical conclusion deducible from Curves A and C of Fig. 3 is that 
the presence in a histidine solution of as much as 100 times its equivalent 
of monoamino acid (absorbers of bromine excepted) ought not, in the 
routine application of the method, to involve an error greater than 5 per 
cent. The corresponding limit for the basic amino acids can hardly be 
less than 40 equivalents. 

In the presence of bromine-absorbing amino acids, the method is not 
directly applicable. Tryptophan and tyrosine (5, 7) give obscuring colors 
of their own, while cystine and methionine, even in the presence of excess 
bromine, greatly diminish the intensity of the histidine reaction. Thus, 
for example, irrespective of the amount of histidine, 1.25 mg. of cystine 
depressed color density about 24 per cent, 5 mg. about 41 per cent. Com- 


The first preparations of lysine and arginine tested gave at all histidine levels 
surprisingly large increases, but these, it turned out, were due in part to the un- 
expected presence, in each preparation, of traces of histidine. The effects mentioned 
in the text were obtained with preparations five times recrystallized and no longer 
giving a perceptible color reaction with bromine. That they were absolutely histi- 
dine-free cannot be positively asserted. 
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pared on the basis of sulfur content, methionine had exactly the same 
. effects. 

The findings described are in only partial agreement with those of Wool- 
ley and Peterson (5), who found that most amino acids were without effect 
upon the Knoop reaction (as developed, however, in an alkaline medium 
at 100°), although a few (including glycine and methionine, but not cys- 
tine) markedly inhibited the development of the color. 

Urea—Langley (6) showed that the amount of color produced is greatly 
diminished in the presence of urea Under the conditions of the present 
method, the magnitude of this effect is very striking. With 0.08 mg. of 
histidine, 0.3 mg. of urea reduces the color by one-half, 0.9 mg. by three- 
quarters, and 2.5 mg. by 93 per cent. With 0.32 mg. of histidine the quan- 
tities of urea mentioned produce reductions of 32, 60, and 83 per cent, 
respectively. Such effects are produced only when the urea is present 
during bromination. Added after the completion of that process, it does 
not, in amounts up to 2.5 mg., reduce by more than 3 per cent the amount 
of color subsequently developed. Langley (6), it is true, found otherwise, 
but he used very much larger quantities of urea. It may be concluded 
that the prime action, at least, of urea is to interfere in some manner with 
the process of bromination. 

Creatine and Creatinine—So long as the ratio of creatine to histidine 
molecules did not exceed 200, creatine was found to be without significant 
effect. In larger proportions it caused some loss in the intensity, but not 
in the brilliance of the color. Creatinine, on the other hand, produced 
effects resembling in some degree those of the amino acids; yet, in amounts 
not exceeding 20 mg., it did not, at any level of histidine, introduce an 
error greater than 3 per cent in either direction. (An incidental experi- 
ment with creatinine zinc chloride revealed the fact that zine strongly 
inhibits the color reaction.) 

SUMMARY | 

A method is described wherein a modified Knoop reaction, developed 
without application of heat, is applied to the colorimetric determination of 
histidine. The method involves bromination, followed by treatment with 
a sodium acetate-acetic acid mixture in the presence of a minute quantity 
of copper. To obtain maximal depth of color, bromination must be car- 
ried out in the dark at pH 1.0, and prolonged for not less than 2 hours. 
For the final development of the characteristically brilliant rose-violet 
color, the requisite concentration of acetate, the optimal pH, and the opti- 
mal amount of copper all vary with the quantity of histidine reacting. 
With these factors suitably adjusted, the method is capable of determin- 
ing, with considerable accuracy, any quantity between 0.04 and 0.32 mg. 
of histidine in 5 ml. of pure solution. 


Amino acids (in not too great concentration, and special cases excepted) 
slightly enhance the color obtained from small amounts (0.08 mg.) of his- 
tidine, but with larger amounts (0.32 mg.) have the opposite effect. These 
actions can be interpreted as dependent upon a lowering by amino acids 
of the effective concentration of copper. The action of creatinine re- 
sembles in some degree that of amino acids, but moderate concentrations 
of creatine are without effect. Urea is powerfully inhibitory, its action 


being mainly upon the stage of bromination. 
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SERINE“ 
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This paper contains the results of a study on the precursors of the 
l-carbon compound intermediate in the synthesis of serine and the charac- 
terization of the enzymic reactions concerned with its formation and con- 
densation with glycine to yield the B- carbon of serine. In the course of 
the investigation it was observed that sarcosine is extensively converted 
to serine and that a formaldehyde-like compound may be the intermediate 
l-carbon unit. 

The demethylation of sarcosine to form glycine and formaldehyde has 
been shown both in vivo (1, 2) and in vitro (3, 4). The incorporation of 
formate into the g- carbon of serine was first shown in the whole animal by 
Sakami (5) and, subsequently, in liver slices by Siekevits and Greenberg 
(6). The reaction has received support, both direct and indirect, from 
the work of others (7, 8). It has also been shown that the methyl group 
of methionine (9), choline (9, 10), and acetone (11) can yield formate and 
serve as sources of the g- carbon of serine. Concurrently, evidence has 
an important rdéle in the metabolism of formate and the biosynthesis of 
serine (7, 12). 

Despite the evidence in favor of formate being the precursor of the 
B-carbon of serine, Kruhgffer (13) demonstrated that, in rat liver homoge- 
nates, the carbon of formate was not incorporated into serine, even though, 
concurrently, serine was being synthesized from glycine. He concluded 
that formate is not the only (or is not the) immediate precursor of the 
B-carbon of serine. Siegel and Lafaye (14), on the other hand, found that 
the carbon of formaldehyde is incorporated into serine in liver homoge- 
nates. From the observations of Siekevits (15) and Berg (16) that formate 

* Aided by research grants from the Life Insurance Medical Research Fund and 
the American Cancer Society, recommended by the Committee on Growth of the 
National Research Council. 

t Prepared from a thesis submitted by Chozo Mitoma for the degree of Doctor of 
Philosophy, June, 1951. Many important details of this investigation are omitted 
for lack of space. Photomicrographs or photostatic prints of the thesis can be 
secured on order from the University of California Library. 

Present address, Biochemical Institute, The University of Texas, Austin, Texas. 
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is not reduced to formaldehyde in rat liver slices, either aerobically or 
anaerobically, it appears that the two compounds follow separate pathways 
so far as incorporation into the B-carbon of serine is concerned. 

Recently, Mackenzie (17) showed that formaldehyde is a naturally occur- 
ring compound in the animal organism and that biologically labile methyl 
groups are sources of formaldehyde and formate in the body. Siekevits 
and Greenberg (9) also found that glycine, serine, methionine, and choline 
can yield formaldehyde in liver slices. 

The foregoing facts served as a basis for the present investigation of the 
biosynthesis of serine. 

EXPERIMENTAL 

Preparation of Tissues—A detailed investigation of the mechanism of 
the biosynthesis of serine required a more highly refined enzyme system 
than is afforded by the liver slices employed previously. Preliminary ex- 
periments showed that the reaction could proceed both with homogenates 
and with the large granule fraction of liver cytoplasm. The particles were 
found to be more active than whole homogenate in the formation of serine 
from glycine, formaldehyde, and sarcosine. 

Non-fasted, male, adult rats of the Long-Evans strain, which had been 
maintained on Purina laboratory chow, were killed by a blow on the head. 
The livers were removed, weighed, and washed in physiological saline solu- 
tion. They were then homogenized in the Potter-Elvehjem apparatus (18) 
with sodium phosphate buffer at pH 7.4, so as to give a 2:1 (2 parts buffer 
and 1 part weight of rat liver) homogenate. Homogenization and subse- 
quent operations were performed at 0° in an ice water bath. The homoge- 
nate was centrifuged for 5 minutes at approximately 350 X g in the Inter- 
national refrigerated centrifuge and roughly the upper three-fourths of the 
solution was used. 

The liver cytoplasmic macro particles were prepared according to a slight 
modification of the abridged procedure of Kennedy and Lehninger (19). 
This yielded virtually uncontaminated mitochondria which exhibited high 
enzymic activity, and the material was extensively employed in this inves- 
tigation. All operations during the preparation were carried out in a cold 
room maintained below 5° and all reagents and apparatus were previously 
chilled. The fresh, washed livers were homogenized in about 6 to 10 
volumes of cold 0.25 m (isotonic) sucrose in a Waring blendor. Nuclei, 
whole cells, stroma, and erythrocytes were removed by preliminary centri- 
fugation at approximately 750 X g. Then, 0.1 volume of 1.5 m KCl was 
added and the contents of the tube were thoroughly mixed. The particles 
were sedimented at approximately 2260 X g for 10 minutes. The sedi- 
mented material was used immediately or washed before use as described 
under each experiment. 
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Isolation of Producis In the experiments in which only serine was iso- 
lated, the carrier technique described by Siekevitz and Greenberg (6) was 
used. It was found unnecessary to make the p-toluenesulfony! derivative 
of serine (20) when the starting compounds were sarcosine, betaine, for- 
mate, or formaldehyde. Thus, there was needed only half or less of the 
500 mg. of carrier serine which was required when glycine was being incu- 
bated. When formaldehyde and formate were to be isolated, carrier for- 
maldehyde (about 4 mg.) and formate (about 20 mg.) were added at the 
end of incubation. The extract was placed in a Stotz all-glass distillation 
apparatus (21) and formaldehyde and formate were distilled. The dis- 
tillate was caught in about 12 ml. of 0.4 per cent (saturated) aqueous 
dimedon (5 ,5-dimethylcyclohexane-1 ,3-dione) solution, buffered at pH 7.4. 
Formaldehyde precipitated as methylenebis methone almost immediately 
and quantitatively at this pH (22). The methylenebis methone was re- 
moved by filtration on a sintered glass filter, washed with cold distilled 
water, dissolved in base, and reprecipitated by neutralizing the base. This 
step was repeated until constant specific activity was attained. The for- 
mate in the filtrate, after the formaldehyde derivative was removed, was 
oxidized with the HgCl, reagent of Pirie (23), and the CO, evolved was 
collected in NaOH solution and precipitated as BaC O, 

Balance studies were performed with the Warburg apparatus. The CO, 
collected in the center well was precipitated as BaCO;, washed with alcohol 
and acetone, placed on an aluminum planchet, and counted. The protein 
fraction (trichloroacetic acid (TCA) precipitate) was washed with 4 per 
cent TCA, water, and alcohol and plated on hard filter paper and counted. 

In many experiments in which only the g- carbon carried the label, serine 
was determined by decomposing it with periodate and distilling the for- 
maldehyde into dimedon. After incubation, carrier formaldehyde (4 mg.) 
and serine (20 mg.) were added, and the formaldehyde was completely 
removed by three successive distillations, water being added after each. 
The residue was then treated with periodic acid and the formaldehyde 
formed from the §8-carbon of serine was precipitated as methylenebis 
methone. Agreement between the carrier method and the distillation 
method was quite satisfactory. For example, the radioactivity of serine- 
3-C", determined by the distillation method, was 3080 c.p.m., while the 
B-carbon of the serine determined after isolation by the carrier method 
yielded 3160 c.p.m. When the same amount of methyl-labeled sarcosine 
was treated with periodic acid, it gave rise to only 27 ¢.p.m. Since sucrose, 
which was used to isolate the particles, can react with periodic acid to give 
formaldehyde, the particles used in these experiments were washed (usually 
five times) with salt solutions or with buffer. Incubations were carried 
out in a Dubnoff metabolic shaking incubator (24), in 20 ml. beakers. 


All of the radioactive samples, with the frequent exception of respiratory 
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CO, were deposited on filter paper (Whatman No. 50) and prepared as 
described by Melchior and Tarver (25). Counting was done with a thin 
mica end window tube or with a gas flow counter (Radiation Counter 
Laboratories, Inc., model 1) and a Tracerlab autoscaler. The counting 
time was so adjusted as to give an error of less than 5 per cent. 

The results are expressed as counts per minute and as the percentage of 
the recovered counts. 


total counts isolated in product 
total counts incubated 

Radioactive sarcosine and betaine were prepared as described by Gal, 
Spenger, and Greenberg (26). The glycine-2-C" was prepared according 
to the method of Ostwald (27).' Radioactive sodium formate and for- 
maldehyde were purchased from the Isotopes Division, Atomic Energy 
Commission. 

All values reported were determined in duplicate or triplicate. The 
experiments presented are typical. 

Results 

Conversion of Sarcosine to Serine—In comparing certain radioactive com- 
pounds for the extent of their conversion to serine with a rat liver homoge- 
nate, it was found that sarcosine was extensively converted (Table I). 

The identity of the serine isolated upon the incubation of sarcosine was 
established by chromatographic separation by the procedure of Lien, Peter- 
son, and Greenberg (28), followed by microbiological assay and chemical 
degradation. 

The chromatographic regions for the appearance of serine, glycine, and 
sarcosine upon elution with 1.5 m HCl through a 0.9 X 110 cm. column of 
Dowex 50 (250 to 500 mesh) were determined upon a mixture of the three 
radioactive compounds of known radioactive content. Following this, the 
concentrated supernatant fluid from a liver homogenate preparation in- 
cubated with sarcosine-C“H; was separated chromatographically. The 
radioactivity, recovered by summation of the counts in the samples, was 
74.8 per cent. The rest, presumably formaldehyde, must have been evapo- 
rated when the fluid in the polyethylene planchets was evaporated to dry- 
ness. The distribution of the radioactivity is shown in Fig. 1. Fraction 
110 was assayed by a standard microbiological assay procedure with Leuco- 
nostoc mesenteroides and was identified as serine.“ The contents of Frac- 

1 We are indebted to Dr. E. M. Gal and Dr. B. Tolbert for supplying us with the 
radioactive compounds. 

2 We are indebted to Dr. E. Norberg for performing the microbiological assay of 
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tions 106 and 107 were mixed with 10 mg. each of inert serine and the 
planchets washed out seven times with water. The resulting solutions 
were subjected to periodate degradation. The radioactivity recovered as 
Tan I 
Formation of Serine from Certain Radioactive Compounds 
A 2:1 homogenate from the liver of a male rat was used (wet weight, 7 gm.) in 
0.015 u. buffer at pH 7.4. All flasks contained 1 ml. of homogenate, 0.5 mg. of inert 
glycine, and one of the radioactive compounds. The final volume was made up to 


4 ml. with 0.015 u buffer. Incubation was for 2 hours at 37° in air. Serine was 
isolated by the carrier method after addition of 500 mg. 


Isolated serine 
Labeled compounds 
Carbon 
cpm. | cpm | com. 
Betaine-C“H;............... 0.66 5.6 71,625 122.3 0.17 
Betaine-1,2-C"... 0.80 6.8 | 79,000| 225 0.29 
D 0.48 6.6 177,000 199 0.12 
Glycine-2-C"................ 0.50 6.7 | 162,500 | 4660 2.8 | 1517 
Sarcosine-C“H;............. 0.40 4.5 4,815 | 3080 | 60.6 | 3375 
* See the text 
400} 
550 
8 Serine 47.6 
300. 
= 100 Sorcosine 
8 13 % 
50 
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Fraction Number 
Fic. 1. Chromatographic fractionation on Dowex 50 of sareosine - Ci H, incubated 
with liver homogenate. 0.4 mg. of sarcosine, containing 96,300 c.p.m., and 0.2 mg. 
of inert glycine were incubated for 90 minutes at 37° in air with rat liver homogenate. 


The supernatant fluid from the incubation was dried in vacuo and introduced in the 


column in 0.3 ml. of 1.5 « HCl, and eluted with the same strength acid. 


- 
9 

ne 


604 BIOSYNTHESIS OF SERINE 


methylenebis methone from the formaldehyde formed from the 8B;ᷓ- carbon 
of the serine was 75 and 80 per cent, respectively, of the counts initially 
present in the two planchets. The forepeaks shown in Fig. 1 (non-amino 
acid radioactive material; see Lien and Greenberg (29)) were always more 
prominent in the fluid from incubations with homogenates than with cyto- 
plasmic granules. When the incubation was performed with triply labeled 
sarcosine (prepared by mixing methyl- and 1,2-C"-labeled sarcosine), 
radioactive glycine (verified by paper chromatography) as well as serine 
appeared in the fractions. 

The conversion of sarcosine to serine took place better aerobically than 


II 
Comparison of Conversion of Sarcosine to Serine and Formaldehyde in Air and under 
Nitrogen 
Isolated liver particles were used. In Experiment I they were washed twice 
with isotonic saline solution; in Experiment II, three times with isotonic saline 
solution and then dialyzed for 3 hours against distilled water. 3 ml. of 0.05 m phos- 
phate buffer at pH 7.4 were added to each flask. After 90 minutes of incubation 4 
mg. of HCHO and 20 mg. of serine were added as carriers and both were isolated by 
distillation. 


Compounds isolated 
Experiment No. | Atmosphere . 
HCHO Serine 
c. m. recovered counts c. m. recovered counts 
I* Air 2420 46.7 2020 39.8 
Na 762 15.0 1188 23.4 
IIt Air 1444 29 1875 37.6 
N: 406 8.2 1138 22.9 


0.4 mg. of sarcosine with 5090 e. p. m. 
t 0.5 mg. of sarcosine with 4980 c. p. m. 


anaerobically (Table II). Methylene blue and ferricyanide failed to en- 
hance the anaerobic conversion. In fact, both were inhibitory. It is 
interesting to note that formaldehyde also continued to be formed under 
the anaerobic conditions, although in lesser amount than in air. 

The conversion of sarcosine to serine is increased greatly if inert glycine 
is incubated along with sarcosine as an “acceptor” of the 8-carbon pre- 
cursor (Fig. 2). As more serine is formed, the amount of formaldehyde is 
proportionately reduced. This is open to the interpretation either that 
formaldehyde is the direct precursor of the 6-carbon of serine or that al- 
ternative pathways exist for the oxidation of the methyl group of sarcosine 
to the direct intermediate and to formaldehyde. 

The effect of phosphate, pyrophosphate, maleic, and bicarbonate buffers 
on the formation of serine was compared. Formation of serine was best 
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in orthophosphate buffer. The oxygen uptake by sarcosine in pyrophos- 
phate buffer always exceeded the theoretical level for the oxidation to 
glycine and formaldehyde (3). The formaldehyde was further oxidized to 
CO, in this buffer. 

Thus, the total radioactivity in the CO, when labeled sarcosine was 
oxidized in orthophosphate, maleic, and pyrophosphate buffers was 60, 60, 
and 1761 c.p.m. respectively. This oxidation of formaldehyde to CO, in 
pyrophosphate buffer is most interesting because of the findings of Bern- 
heim (30) and Mackenzie (17) that formaldehyde is not oxidizable with 
the sedimented fraction of liver homogenate. Bernheim (30) further found 


4000+ 42000 
Serine 0 
& 3000 3 
8 
2000 41000 
8 HCHO O 
250 500 750 1000 
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Fic. 2. Effect of glycine concentration on the formation of serine and formalde- 
hyde from sarcosine. Rat liver particles were washed four times with 0.025 
u NaHCO, and incubated in 0.05 m phosphate buffer at pH 7.4 with 0.4 mg. of sarco- 
sine-C“H,;, containing 5090 c.p.m., in air for 1 hour. The concentration of inert 
glycine was varied as shown. 4 mg. of HCHO and 20 mg. * serine were added as 
carriers and both were isolated by distillation. 


that aminoguanidine promotes the oxidation of formaldehyde to CO, by 
liver, but that washed liver suspension oxidizes formaldehyde only to 
formate in the presence of this compound. 

The extent of the oxidation and the distribution of radioactivity after 
the incubation of sarcosine are shown in Table III. The O, uptake was 
the theoretical amount. The lower recovery under N; is due to the greater 
amount of unmetabolized sarcosine which was not isolated. In air almost 
all of the sarcosine added was metabolized. 

The considerable variations in the conversion of sarcosine to serine, as 
well as in the ratio of formaldehyde to serine, were found not to be due 
solely to the different amounts of tissues used for each experiment. The 
ionic strength of the medium employed was found to have a great influence. 
The conversion of sarcosine to serine was found to be greater in 0.015 m 
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than in 0.15 M phosphate buffer, and the addition of NaCl, KCl, and CaCi, 
in the concentrations present in blood plasma depressed the conversion, 
No difference was noted in the conversion when the particles were left in 
water or in 0.15 m potassium chloride for an hour before incubating them 
with sarcosine in 0.015 m buffer. Particles washed repeatedly with hypo- 
tonic solutions or dialyzed against distilled water still show high activity. 
The same effects of increased conversion at a lower ionic strength seemed 
to apply to the incorporation of formaldehyde into serine. Apparently, 
intact mitochondria are not essential for the formation of serine. Un- 
fortunately, most of the work reported here was carried out in media much 
higher than 0.015 M. 


TanL III 
Balance Study of Oxidation Products of Sarcosine 
0.5 mg. of sarcosine-C"H;, containing 120,000 c.p.m., was incubated with washed 
particles in 3 ml. of 0.01 M phosphate buffer at pH 7.4. 4.64 mg. of HCHO, 20 mg. 
of serine, and 21.6 mg. of HCOOH were added as carriers and the compounds were 
isolated by distillation. 


Compounds isolated Air Ne 
c. . n. recovered counts c. m. recovered counts 
ewes 31,275 26 17,950 15 
2,565 2.1 312 0.26 
r 472 0.4 72 0.06 
76, 850 654 68,300 57 
di 2,495 2.1 650 0.54 
D 113,657 94.6 87,284 72.9 


The effect of pH on the formation of serine, formaldehyde, and CO, 
from methyl-labeled sarcosine is shown in Fig. 3. The optimal pH for 
oxidation of sarcosine and its conversion to serine is at 7.5. 

If formaldehyde were the direct B- carbon precursor of serine, carbonyl 
reagents might be expected to “trap” the formaldehyde and thus increase 
the ratio of formaldehyde to serine formed. Anaerobic experiments de- 
signed to test this point are reported in Table IV. Hydroxylamine was 
the only highly effective inhibitor of serine formation and the only one 
that caused any increase in the radioactivity retained in the formaldehyde. 
The other two reagents tested produced a decrease in the activity of the 
serine, but no increase in that of the formaldehyde. Very similar results 
also were obtained aerobically. Although the hydroxylamine appears to 
be exerting its effect by “trapping” the formaldehyde, the possibility exists 
that it is inhibitory to the serine-condensing enzyme. 

Incorporation of Formate into Serine—In confirmation of the observation 
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of Kruhgffer (13), the incorporation of formate into serine was found to be 
practically nil with unfortified homogenate (Table V). 
u 
cpm 
20 
10 
490 
470 
oo 150 
72 75 78 al 84 
pH 


Fic. 3. Effect of pH on serine and formaldehyde formation from sarcosine, and on 
the oxygen uptake and CO, production. 0.5 mg. of sarcosine, containing 5000 e. p. m., 
and 0.3 mg. of inert glycine were incubated in 1:1 phosphate-pyrophosphate buffers 
of varying pH. HCHO (4.64 mg.) and serine (20 mg.) were added as carriers and 
both were isolated by distillation. No correction has been made for endogenous 
respiration. 

TaBie IV 
Effect of Carbonyl Reagents on Conversion of Sarcosine to Serine 

0.2 mg. (2.2 um) of sarcosine-C"H;, containing 2545 c.p.m., and 0.2 mg. of inert 

glycine were incubated under N, with washed liver particles in 3 ml. of 0.1 u phos- 


phate buffer at pH 7.4. 4 mg. of HCHO and 20 mg. of serine were added as carriers 
and both were isolated by distillation. 


— 


Compounds isolated 
sation 

HCHO Serine 

c. m. c. 
286 1776 1:6 
r 509.5 1804 1:3.5 
+ NaHSO, (15 /ù ůrnP1mtii 300 1630 1:5.4 
+ p-Nitrophenylhydrazine*................ 267 .5 914 1:3.4 


*0.3 ml. of saturated solution. 


Table V shows that the negligible conversion of formate was not due to 
its complete oxidation, although the amount of CO, formed was con- 
siderable. 
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Since formate must be reduced to become the g- carbon of serine, the 
effect of reducing agents was studied. These induced a notable degree of 


TaBLe V 
Balance Study of Incubation Products of Radioactive Formate 
0.45 mg. of HC“OONa, containing 166,000 c. p. m., and 0.5 mg. of inert glycine were 
incubated with 1 ml. of a 2:1 homogenate in 0.025 m phosphate buffer at pH 7.4 in 
air for 105 minutes at 37°. The final volume was 3 ml. 4.64 mg. of HCHO, 21.6 mg. 
of HCOOH, and 150 mg. of serine were added as carriers. Serine was recrystallized 
five times. 


Compounds isolated Distribution of radioactivity 
c. recovered — 
92,000 55.3% 
3.5 
Z 54,200 32.6 
35 0.02 
146,246 87.9 
* Unchanged metabolite recovered. song 
TaBie VI 


Factors Involved in Conversion of Formate to Serine 


A 2:1 homogenate in 0.025 m phosphate buffer at pH 7.4, the débris removed by 
centrifugation at 350 X g for 10 minutes, was employed. 2 ml. were used per flask. 
The following additions were made: 0.45 mg. of HC“OONa, containing 166,000 
e. p. m., 1 mg. of inert glycine, 0.1 ml. of 0.5 m citrate, 0.1 ml. of 0.2 Mm a-ketoglutarate, 
0.1 ml. of 0.0275 M ATP, and 10 mg. of cysteine hydrochloride or 5.6 mg. of ascorbic 
acid or 3.5 mg. of hydroquinone, neutralized. The incubations were for 1 hour at 
37° in 95 per cent O,-5 per cent CO,, with one exception, which was under N.. 2530 
mg. of serine were added as carrier. 


Additions Serine 8. Carbon 

c. m. recovered counts c. m. 

Complete, with cy steine 7890 4.7 7850 
„ATP, a-ketoglutarate, or citrate...... 293 
Boiled homogenate....................... 0 
Complete, under nitrogen 378 

with ascorbate........ 7490 4.5 8090 

hydroqui none 5270 3.2 5665 


incorporation of the formate carbon into serine (Table VI). It can be 
seen that the particular reducing agent employed did not matter. In 
addition to the reducing agents, which were added in equivalent amounts, 
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a mixture of citrate, a-ketoglutarate, and adenosinetriphosphate (ATP) 
appears to be necessary. The individual components of this mixture were 
not tested and how they are invdived is not clear. 

Inert formaldehyde added to the labeled sodium formate (in another 
experiment) caused no decrease in the recovered counts of the serine. 
Therefore, formaldehyde itself does not appear to be a direct intermediate 
in the incorporation of formate into serine in the presence of reducing 


agents. 

Siekevitz and Greenberg (6) have shown that the incorporation of for- 
mate into serine with liver slices proceeds more efficiently in air. The 
results with homogenates agree with their findings. 

TanL VII 
Balance Study of Incubation Products of Radioactive Formaldehyde 
1 um of HCHO, containing 20,000 c.p.m., and 0.5 mg. of inert glycine were incu- 


bated with washed particles at 37° for 90 minutes. 4.6 mg. of HCHO, 20 mg. of 
serine, and 21.6 mg. of HCOOH were added as carriers and isolated by distillation. 


Compounds isolated Air Na 
c. Hm. recovered counts c. Hm. recovered counts 

12,715 62.5“ 12,450 61.3% 
D 1,016 5.0 503 2.5 
D o 169 0.8 33 0.2 
D 1,305 6.4 1,963 9.7 

D 16,489 81 15,939 78.6 


* Unchanged HCHO recovered. 


Incorporation of Formaldehyde into Serine—The results of a balance ex- 
periment with labeled formaldehyde are shown in Table VII. The in- 
corporation into serine is higher anaerobically than in air. This is not due 
to lack of formaldehyde, as it is not oxidized to any appreciable extent in 
air. The main oxidation product was formate and this was formed even 
anaerobically. The incorporation of formaldehyde into serine was found 
to be influenced by the buffer used in the same manner as the conversion 
of sarcosine to serine; orthophosphate was the best buffer. In the presence 
of citrate, ATP stimulated the reaction. 

Added formaldehyde decreased the yield of radioactive serine when 
methyl-labeled sarcosine was incubated aerobically. To determine whether 
there was a concomitant change in specific activity, which would be ex- 
pected if there was a dilution by the inert formaldehyde, but not if the 
effect was due to decreased oxidation of sarcosine (3, 31), the colorimetric 


estimation of serine (32) was attempted in one experiment. Although 
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little faith can be placed in the absolute values obtained for the serine 
formed, because of the high blank values, the results strongly suggested 
that the added inert formaldehyde was diluting the g- carbon precursor 
arising from the methyl group of sarcosine and was itself being incorporated 
into serine. The g- carbon precursor arising from sarcosine, it can be con- 
cluded, must be formaldehyde or a closely related compound. 


VIII 
Effect of Formaldehyde on Conversion of Glycine to Serinc 

Unwashed particles were used in both experiments. The dry weights of the 
particles were 40.5 mg. for Experiment I and 57.2 mg. for Experiment II. In Experi- 
ment I, all flasks contained 0.1 ml. of 0.0275 M1 ATP and 0.1 ml. of 0.5 Mu citrate. In 
Experiment II, only those flasks incubated under N, had ATP and citrate. After 
90 minutes incubation, 500 and 600 mg. of serine were added for Experiments I and 
II, respectively. The glycine-2-C" had 212,667 c.p.m., while the HCHO contained 
120,000 c.p.m. 


Serine 
ment Compounds incubated —_ 
No. Total Carbon 2 
be) 00 ) 
recos- 
c. m. ered c. m. 
Counts 
I | C*-Glycine (2.67 gm) N? | 29,375 | 13.8 | 12,100 | 1:2.4 
* + HCHO (7.7 um) “ | 39,750 18.7 9,700 | 1:4.1 
40 * “ 1,820 
C'-HCHO (4.8 um) 8,530 | 7.1 
s 284 
II | C-Glycine (2.67 um) O. 14,820 7 4,675 | 1:3.2 
- + HCHO (7.7 um) - 14,770 | 7 2,760 | 1:5.3 
3 (2.67 n N. 11,250 5.3 2,047 | 1:5.5 
+ HCHO (7.7 um) * 27,200 12.8 1,063 | 1:25.5 
C*-Glycine* O; 331 
* Boiled particles. 


t 0.5 mg. of inert glycine was incubated with the labeled HCHO. 

Added inert sodium formate caused no dilution of the incorporation of 
radioactive formaldehyde. 

Incubation of inert formaldehyde along with radioactive glycine pro- 
duced an increased conversion of glycine to serine anaerobically (Table 
VIII). Aerobically, the extent of conversion, apparently, is not affected. 
The anaerobic and aerobic experiments are not strictly comparable since 
ATP was added to the former, while none was added to the latter. The 
anaerobic results are in line with the finding that labeled formaldehyde is 
incorporated to a greater extent anaerobically than aerobically. The dilu- 
tion produced by the inert formaldehyde in the f- carbon with no change 
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in the total radioactivity of the serine is difficult to understand at this time 
and probably is due to the multiple reaction nature of the enzyme system 
under study. 

The increase in the conversion of glycine to serine observed in the pres- 
ence of a large amount of added formaldehyde suggested that the formalde- 
hyde concentration available for the condensation may have been much 
below the optimal level in the experiments that were performed with 
radioactive formaldehyde (1 to 4.8 um). An experiment was performed to 


IX 
Effect of Formaldehyde Concentration on Its Incorporation into Serine 

Unwashed particles (dry weight 74.5 mg. in Experiment I and 58 mg. in Experi- 
ment II), suspended in 3 ml. of 0.015 u phosphate buffer at pH 7.5, were incubated 
with 1.6 um of HCHO, containing 40,000 c.p.m., and 0.5 mg. of inert glycine. In 
Experiment I, incubation was for 90 minutes at 37°. 250 mg. of serine were added 
ascarrier. In Experiment II, all flasks contained 0.1 ml. of 0.5 M citrate and 0.2 ml. 
of 0.0275 M ATP in addition to the substrates. Incubation was for 1 hour at 37°. 
200 mg. of serine were added as carrier. Both experiments were run under N.. 


Experiment No. | Inert HCHO added Serine incorporated 
pM c. recovered counts 
I 0 33t 
0 416 1.04 0.02 
17 1768 4.42 0.75 
Il 0 187 
0 1027 2.57 0.04 
17 2380 5.95 1.1 
50 860 2.15 1.1 
e. p. m. in serine. 
Calculated from the relation, au of (HCHO + HCHO) X 44,000 pm. 


t Incubated with particles treated with trichloroacetic acid. 


test this (Table IX). The results show that the increased formaldehyde 
concentration greatly increased the degree of incorporation. 


The experimental work described here leads to the conclusion that for- 
maldehyde is an intermediate on the metabolic pathway of the conversion 
of the methyl carbon of sarcosine and of the methylene carbon of glycine 
to form the 8-carbon of serine, but is not the directly reacting activated 
l-carbon compound. Furthermore, formaldehyde is more closely related 
to the activated compound than is formate. The evidence pointing to 
this deduction is that (a) addition of inert formaldehyde caused a dilution 
in the radioactivity of the g- carbon of serine when incubated with either 
radioactive sarcosine or glycine, (b) the simultaneous incubation of inert 
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glycine with methyl-labeled sarcosine resulted in more radioactivity appear. 
ing in the serine formed and less in the free formaldehyde isolated, and (e) 
radioactive formaldehyde is incorporated into serine, although much more 
poorly than is the methyl group of sarcosine. This last fact and the fact 
that inert formaldehyde did not cause any dilution in the incorporation of 
formate into serine, in the presence of reducing agents, are evidence that 
formaldehyde is not the “activated” 1l-carbon component, and that this 
compound can be formed, starting from formate, without becoming for- 
maldehyde. 

The inability of the formate carbon to be incorporated into the 8-carbon 
of serine,*? under the same conditions in which sarcosine, glycine, and for- 
maldehyde were quite extensively converted, shows that it is more remote 
from the “activated” unit than is formaldehyde. 

The difficulty of accepting formaldehyde as a direct intermediate, be- 
cause of its low incorporation in comparison to the methyl groups of 
sarcosine, may be because the concentration of “free” formaldehyde avail- 
able for condensation with glycine is much lower than the total concentra- 
tion. Formaldehyde is known to react rapidly at neutrality or in alkaline 
solutions with amino groups, forming aminomethylol groups, although the 
reaction is readily reversible (33, 34). Moreover, under certain conditions 
formaldehyde can combine with the guanidino, amide, and —SH groups 
and with the indolyl ring. These combinations may seriously reduce the 
effective concentration of reactive formaldehyde. 

Another discrepancy is the slight alteration in the formaldehyde to serine 
ratio produced by the carbonyl-combining reagents, bisulfite and p-nitro- 
phenylhydrazine (Table IV). To be considered, also, is the possibility 
that free formaldehyde in a high concentration may be toxic to the over-all 
Serine- forming enzyme system. The increase found in the counts in the 
formaldehyde upon the addition of the inert compound to sarcosine incuba- 
tion systems favors the suggestion that the methyl group goes through 
formaldehyde in its conversion to the f- carbon of serine. 

The formation of formaldehyde from sarcosine under anaerobic condi- 
tions and in alkaline solution is highly significant (Fig. 3), as it suggests 
the possible occurrence of another enzyme system in addition to sarcosine 
oxidase which oxidizes the methyl group of sarcosine. Although washed 
liver preparations were found to reduce methylene blue in the presence of 
sarcosine (3), sarcosine oxidase was inactive at pH 8.4, at which Fig. 3 
shows there was a very active formaldehyde formation. 


It was of interest to see how formaldehyde and formate compared with respect 
to the formation of the methyl group of methionine. In experiments both with liver 
slices and homogenates in the presence of homocysteine (unpublished data), it was 
observed that formate was better in this respect. No methionine methyl was formed 
from sarcosine-C'H;, indicating that the methyl group is not transferred intact. 
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Considerable evidence, much of it omitted, was obtained for an ATP 
function in serine formation. 

The carbon of formate is incorporated into the g-carbon of serine in 
homogenates in the presence of certain reducing agents, but not otherwise. 
ATP, a-ketoglutarate, and citrate greatly favor this reaction. Formate 
does not appear to be reducible to formaldehyde with either liver slices or 
homogenates (15, 16), although it yields both serine and the methyl group 
of methionine in liver slices. 


1. Sarcosine was found to be extensively converted to serine by rat liver 
homogenates. The identity of the isolated serine was established by micro- 
biological assay and chemical degradation. The conversion to serine took 
place better aerobically than anaerobically. The optimal pH for oxygen 
uptake and serine formation was at 7.5. 

2. The simultaneous incubation of inert glycine with sarcosine-C“H; 
increased the number of counts in the newly formed serine and decreased 
them in formaldehyde. The conversion to serine took place better in 
a hypotonic medium and in orthophosphate buffer. In pyrophosphate 
buffer, formaldehyde was further oxidized to carbon dioxide. 

3. Formaldehyde was formed from sarcosine anaerobically and at pH 
8.4, suggesting another enzyme system for the oxidation of the methyl 
group in addition to sarcosine oxidase. 

4. Hydroxylamine depressed the extent of serine formation and the oxy- 
gen uptake with sarcosine. 

5. The carbon of formate is not incorporated into the g- carbon of serine 
in homogenates. The incorporation can be induced aerobically by the 
addition of ATP with a-ketoglutarate, citrate, and certain reducing agents. 
Formaldehyde does not appear to be on the direct pathway of this trans- 
formation. 

6. The incorporation of formaldehyde into the g- carbon of serine occurs 
better anaerobically than aerobically. 

7. Evidence is presented to show that a formaldehyde-like compound 
appears to be the intermediary Il-carbon compound in the formation of 
the B-carbon of serine from glycine and sarcosine. 
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Evidence for the existence of the cytochrome system in Ascaris lumbri- 
coides and a number of other parasitic helminths has depended on spec- 
troscopic observations and the use of metabolic inhibitors (2-8). Keilin 
and Hartree (9) have pointed out that the fundamental property of cyto- 
chrome c is its activity as a biological oxidation catalyst; this criterion 
also applies to cytochrome oxidase. Since it has not been determined 
whether in parasitic helminths respiratory enzymes can be found whose 
catalytic activities are similar to those of cytochrome e and of cytochrome 
oxidase, conclusive evidence for their occurrence in this group of organisms 
is not available. 

The observations reported in this paper indicate that respiration in three 
parasitic helminths is catalyzed predominantly, if not exclusively, by en- 
zymes which are not identical with the cytochrome system. In two ne- 
matodes, Ascaris lumbricoides and Litomosoides carinii, no activity attri- 
butable to either cytochrome e or cytochrome oxidase could be detected; 
also, in a trematode, Schistosoma mansoni, the rate of respiration is con- 
siderably greater than can be accounted for by the low activities of cyto- 
chrome c and of cytochrome oxidase present in this parasite. 


Materials and Methods 


Muscle of Ascaris lumbricoides var. suis was obtained as described by 
Laser (10), collected and cooled in a beaker surrounded by chopped ice, 
and homogenized at 2—4° by the use of an all-glass Potter-Elvehjem homo- 
genizer. The reproductive systems of the helminths were freed of in- 
testine and then treated in a similar manner. Coenzyme-free muscle pulp 
was prepared by a modification of Laser’s procedure (10) as follows: 5 gm. 
of Ascaris muscle were homogenized with 25 ml. of potassium phosphate 
buffer (pH 7.3, 0.05 u). The volume of the homogenate was brought to 
200 ml. with the same buffer, and the pH adjusted to 5.0 with acetate 
buffer (2 m, pH 4.5). After 10 minutes the mixture was centrifuged, the 


* This investigation has been supported by a research grant from the Division 
of Research Grants and Fellowships, National Institutes of Health, United States 
Public Health Service. A preliminary report has been published (1). 
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residue suspended in 200 ml. of buffer, and the suspension adjusted again 
to pH 5.0 and recentrifuged after 10 minutes. The residue was homo- 
genized in 8 ml. of 2-(hydroxymethy])-2-amino-1 ,3-propanediol' buffer 
(11) (pH 8.3, 0.05 „). All operations were carried out at temperatures 
ranging between 0-4“. 
Litomosoides carinii and Schistosoma mansoni were obtained as in pre- 
vious studies (12, 13). 
Cytochrome c activity was measured either according to Haas (14) by 
the use of the cytochrome oxidase preparation of the same author (15) 
or with mammalian succinoxidase from which cytochrome c had been re- 
moved. Two preparations were used: either the one from pig heart de- 
scribed by Keilin and Hartree (16), or a mitochondrial preparation ob- 
tained from an aqueous homogenate of rat liver described by Schneider 
et al. (17) which had been washed twice with an isotonic solution of sodium 
chloride. Both preparations could be stored without loss of activity for 
several weeks in a lyophilized state at 2-4“ in an evacuated desiccator. 
Within a given range and under conditions specified by Schneider and 
Potter (18) the rate of oxidation of succinate by either of these two prep- 
arations is proportional to the concentration of added cytochrome c. 
Cytochrome oxidase activity of the tissue homogenates was measured 
according to Stotz (19) in the presence of an excess of cytochrome c? which 
was kept in the reduced form by hydroquinone or ascorbic acid. Cyto- 
chrome oxidase activity of some tissues was measured by the use of the 
spectrophotometric procedure of Cooperstein and Lazarow (20). 
Oxygen uptake was measured in the conventional Warburg apparatus. 
In order to increase the sensitivity of the assay procedures and in order to 
save material, Warburg manometer flasks were used whose total volume 
did not exceed 5 ml. 


Results 


Cytochrome c 


As illustrated in Table I, addition of small amounts of cytochrome e 
to the succinoxidase preparation of Keilin and Hartree (16) resulted in a 
marked increase of the oxygen uptake, which was proportional to the 


1 This product was purified as follows: 200 gm. of tris(hydroxymethy])amino- 
methane (Commercial Solvents Corporation) were dissolved in 10 volumes of hot 
alcohol; after the addition of 20 gm. of charcoal, the mixture was heated to the boil- 
ing point and filtered through a funnel surrounded by an electrically heated mantle. 
The filtrate was cooled to room temperature and then stored overnight in a refrigera- 
tor. After collection of the crystals this treatment was repeated twice more. 

? We are indebted to Dr. Joseph Seifter of Wyeth, Inc., Philadelphia, for a gener- 
ous supply of cytochrome c. 
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concentration of added cytochrome c. When a homogenate of Ascaris 
muscle was added instead of cytochrome c, the total oxygen uptake was 
equal to the sum of the oxygen consumed by the succinoxidase preparation 
and by the homogenate of Ascaris muscle (Flasks 1 and 5, Table I). This 
finding may be interpreted as follows: (a) The concentration of cyto- 
chrome c in Ascaris muscle is lower than the smallest amount of this en- 
syme which can be determined by this method, or it is not present at all. 
(b) Cytochrome c is bound by insoluble particles; therefore, it is not 
brought into solution by homogenization. (e) Soluble cytochrome e can- 
I 
Assay of Ascaris Muscle for Cytochrome c Activity 

A lyophilized pig heart preparation (16) served as a source of succinoxidase; 25 
mg. of the powder were homogenized with 0.5 ml. of water and 2 ml. of potassium 
phosphate buffer (pH 7.4, 0.1 M) at 0°. Final molar concentrations, potassium phos- 
phate buffer (pH 7.4) 3.3 X 10, AIC], 4 X 10% CaCl; 4 X 10, sodium succinate 
5 X 102. In the center well, 0.1 ml. of KOH (30 per cent). After temperature 
equilibration, the succinate solution was tipped from the side arm into the main 
compartment of the Warburg flask and the initial reading was taken 10 minutes 
thereafter. Total volume, I ml.; atmosphere, air; temperature, 38.2°. 


— 
| 
Added cytochrome ¢ em. fresh uptake in for | tissue and 
preparation 20min. 
HO) 
al. al. wl. wl. ol. 

1 0.1 3.9 

2 0.1 4 * 100 16.8 | 12.9 

3 0.1 8 X10 30.1 26.2 

4 0.1 1.2 X 10°* 43.0 39.1 

5 0.3 10.5 

6 0.1 0.3 14.7 10.8 0.3 

7 0.1 8 x 10 i 0.3 40.3 36.4 25.9 


not be detected because of an inhibitory effect of the homogenate of As- 
caris muscle on the activity of the succinoxidase system. The last 
possibility was eliminated by the observation that the rate of succinate 
oxidation in the presence of added cytochrome c was not affected by the 
Ascaris muscle homogenate (Table I, Flask 7). 

It has been observed that some of the cytochrome c present in mam- 
malian heart and liver cannot be extracted with water, but, under certain 
conditions, it is soluble in isotonic solutions of sodium chloride or in phos- 
phate buffer (17, 21-23). If Ascaris muscle contained a measurable 
amount of cytochrome c, it would appear unlikely that none could have 
been rendered soluble in the aqueous homogenate. Furthermore, homo- 
genates or extracts of Ascaris muscle obtained by the use of isotonic solu- 
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tions of sodium chloride or potassium chloride or by the use of phosphate 
buffer (pH 7.3, 0.15 u) (17, 23) exhibited no cytochrome c activity. More 
direct evidence concerning this question was obtained by spectroscopic 
examination of the insoluble particles of Ascaris muscle. An aqueous 
homogenate of this tissue (prepared by the use of 1.65 ml. of water per 
gm. of fresh muscle) was centrifuged (18,000 r.p.m., 2°, 1 hour). After 
decantation of the supernatant solution the residue was homogenized with 
a volume of water equal to that of the separated supernatant solution. 
After centrifugation (18,000 r.p.m., 2°, 1 hour) the two supernatant solu- 
tions were combined, dialyzed against running distilled water at 2°, and 


Taste II 

Assay of Concentrated Aqueous Extract of Ascaris Muscle for Cytochrome c Activity 

A lyophilized mitochondrial preparation of rat liver (17) served as a source of 
succinoxidase; 60 mg. of the powder were homogenized in 1.5 ml. of water at 0°. 
In order to reduce the blank“ oxygen uptake by the hemoglobin-containing muscle 
extract, 2 ml. of the latter were shaken vigorously in a 125 ml. Erlenmeyer flask for 
15 minutes immediately preceding the assay. All other conditions were the same 
as those listed above Table I. 


Added cytochrome ¢ muscle — and muscle 
extract extract blanks 
ml. mole ml. wl. . ws. 
0.1 4.9 
0.1 4 xX 101 20.1 15.2 
0.1 8 X 10¹1e 36.2 31.3 
0.2 2.5 
0.1 0.2 7.7 2.8 0.3 
0.1 8 Xx 10-"" 0.2 38.3 33.4 30.9 


concentrated to one-sixth of their original volume by blowing a stream 
of air, generated by a fan, on the dialysis bag suspended in a cold room. 
No cytochrome c activity was detectable in this concentrated extract 
which did not inhibit the activity of the succinoxidase system (Table II). 
The volume of assayed extract was equivalent to 0.24 gm. of Ascaris mus- 
cle. In this assay procedure at least 2 X 10¹̃ mole of cytochrome e 
would have been detected readily. Therefore, 1 gm. of Ascaris muscle 
contains less than 1 X 10 mole of water-extractable cytochrome c. 
Spectroscopic examination of a suspension of the insoluble residue of the 
homogenate revealed a band for oxyhemoglobin of Ascaris muscle which 
has been described by Davenport (24). No other band appeared on addi- 
tion of succinate, even after saturation of the suspension with nitrogen. 
When 4 X 10 ¹ mole of oxidized cytochrome was added per ml. of suspen- 
sion (equivalent to approximately 0.4 gm. of Ascaris muscle), the band of 


|: 


by 


| Concentrated | Corrected for 

i 


B. BUEDING AND B. CHARMS 619 


reduced cytochrome c appeared. Evidently this residue contains a fac- 
tor which reduces cytochrome c.“ The band of reduced cytochrome e did 
not disappear or change its intensity, even after a stream of air or oxy- 
gen was passed through the suspension continuously for several hours. 
This indicated that the suspension had no cytochrome oxidase activity 
(see below). If the suspension of the Ascaris muscle residue had contained 
at least 4 X 10e mole of cytochrome c per ml. (or 1 X 10 mole per gm. 
of muscle), the band of reduced cytochrome c should have been observable 
before the addition of this enzyme. On the basis of these observations it 
is concluded that the concentration of soluble as well as of “bound” cyto- 
chrome c in Ascaris muscle is less than 1 X 10-* mole per gm. 

Similarly homogenates of the female reproductive system of Ascaris 


Tan III 
Assay of Female Reproductive System of Ascaris for Cytochrome c Activity 
The conditions of assay were the same as those in Table II. 


Homogenate of 
Mitochondrial Ar Corrected for | Corrected for 
muccinonidase | Added cytochrome ¢ mia. | 
in 2 mi. blanks 
mi. mole mi. . ul. 
0.1 5.3 
0.1 4X 100% 20.9 15.6 
0.1 8 X 10˙¹ 36.1 30.8 
0.3 3.7 
0.1 0.3 8.8 3.5 —0.2 
0.1 8 xX 101 0.3 40.3 36.6 31.3 


had no detectable cytochrome c activity (Table III). When these homo- 
genates were centrifuged at 18,000 r.p.m. and the residue resuspended,‘ 
the band of reduced cytochrome c could not be detected. However, it 
became clearly visible on addition of 4 X 10 ¹ mole of oxidized cyto- 
chrome c per ml. of suspension (or 1 X 10 mole per gm. of tis- 
sue). Thus, the female reproductive system of Ascaris contains a factor 
which reduces cytochrome c. If this enzyme had been present in the resi- 
due in a concentration of at least 1 X 10 mole per gm., the band of re- 
duced cytochrome c should have been visible before the addition of its 
oxidized form. Since this was not the case and since homogenates of the 


* This factor is heat-stable and dialyzable; therefore, reduction of cytochrome c 
by Ascaris muscle is of a non-enzymatic nature. 

No recentrifugation of the suspended residue was necessary because the repro- 
ductive system, unlike the muscle, contains much less hemoglobin, which interferes 
with the spectroscopic examination. 


= — —— —— —— ——— ſ —— — ̃4 — — — — 
— — — — ;3“;l!lklk d — IU Uj—E —• «7g?V30 — 
€ 
‘ 
4 
é 
i 
* 


female reproductive system had no detectable cytochrome c activity, it is 
concluded that this tissue contains less than 1 X 10~* mole of cytochrome 
c per gm. 

No cytochrome c activity could be detected in another nematode, the 
filarial worm, Litomosoides carinii. Homogenates of this helminth did 


IV 
Assay of Filariae (Litomosoides carinii) for Cytochrome c Activity 
Molar concentration of phosphate buffer (pH 7.1), 5 Xx 102. After temperature 
equilibration a solution of hydroquinone (0.1 ml., 3.6 X 10 M) was tipped from the 
side arm into the main compartment and the initial reading was taken 5 minutes 
thereafter. Temperature, 24.5°; total volume, I ml. 


Cytochrome Filarial homogenate Oxygen uptake in 30 Corrected for 
Added cytochrome c cytechrame 
0.1 18.2 
0.1 1X 10°° 39.6 21.4 
0.3 0 
0.1 0.3 17.3 
0.1 1 x 10 » 0.3 38.0 19.8 
TaBLe V 


Assay of Schistosoma mansoni for Cytochrome c Activity 
The conditions of the assay were the same as those of Table I. 


lteomogenate (1.2 Corrected { Corrected for 
Succinoxidase Added gm. worms o — — — te and 
mil. mole mi. pl. pl pl. 
0.1 5.6 
0.1 1 xX 1o-* 41.6 36.0 
0.3 16.0 
0.1 0.3 26.9 21.3 5.3 
0.1 1X10 * 0.3 75.0 69.4 53.4 


— — 


not inhibit the activities of the assay system in the presence of added 
cytochrome c (Table IV). 

Homogenates of Schistosoma mansoni exhibited slight cytochrome c ac- 
tivity. Furthermore, they stimulated the activity of the succinoxidase 
system in the presence of added cytochrome c (Table V). 


Cytochrome Oxidase 
The results of the assays for cytochrome oxidase activity are summa- 
rized in Table VI. Homogenates of Ascaris muscle and of the filariae had 
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no measurable cytochrome oxidase activity, while the latter was detect- 
able in schistosomes. As a control for the assay method cytochrome oxi- 
dase activity was determined in rat lung. This tissue is known to have 
a very low cytochrome oxidase activity (19, 20). It was found that the 
| sensitivity of the assay procedure was sufficient to determine the cyto- 
Tasie VI 
Assays of Helminth Tissues for Cytochrome Oxidase Activity 

Ascaris muscle was homogenized with 3 volumes of phosphate buffer (pH 7.1, 
0.05 Mu), rat lung with 5 volumes of distilled water, filariae and schistosomes with 
3 volumes. The homogenates were dialyzed for 16 hours against potassium phos- 
phate buffer (pH 7.1, 0.05 u) at 2°. Cytochrome oxidase preparation, lyophilized 
Keilin-Hartree pig heart preparation (16) homogenized with 100 volumes of phos- 
phate buffer (pH 7.1, 0.05 u). Conditions of assay, phosphate buffer (pH 7.1), 3.6 
| X 10°? m; semicarbazide, 8 X m; hydroquinone, 3.6 & M, 0.1 ml. tipped from 
the side arm into the main compartment after temperature equilibration. Total 
volume, 1.0 ml.; temperature, 15°. 


Homogenate 
tion (pig heart) Cytochrome ¢ 
mi. mi. mole pl. 
6 10 0 
0.05 6 QX 10 8.9 
0.1 6 X 10 19.2 
| 6 X 10 30.0 
Ascaris muscle 0.2 0 
0.2 6 X lo 0 
0.1 0.2 6 QX 10 19.6 
Rat lung 0.2 0 
0.2 6 X 10 6.3 
0.1 0.2 6 x 10 25.8 
Filariae 0.3 0.5 
0.3 6 X 10 0.5 
0.15 0.3 6 xX lo 32.4 
Schistosomes 0.3 1.5 
0.3 6 x 10 7.4 
0.15 0.3 6 x 10 37.1 


chrome oxidase activity of rat lung. 60 per cent less of this tissue was 
used than in the case of worm homogenates. None of the latter inhibited 
, the activity of cytochrome oxidase in the presence of an excess of cyto- 
chrome c. A slight activity (about 2} times lower than that of rat lung) 
was detected in Schistosoma mansoni, while homogenates of Ascaris mus- 
cle and of filariae had no cytochrome oxidase activity. 
: By the use of the microspectrophotometric method of Cooperstein and 
Lazarow (20), it was found that undialyzed and dialyzed homogenates 


e 
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of the reproductive systems of Ascaris did not oxidize reduced cytochrome 
c. No change in the optical density at 550 my occurred with a final tissue 
dilution of 1:600. This concentration of the male or of the female re- 
productive systems of Ascaris did not affect the activity of mammalian 
cytochrome oxidase (20). With this method a standard cytochrome oxi- 
dase activity of 0.06 is detectable, corresponding to a change in the optical 
density of 0.010 per minute. For rat lung an average value of 2.63 has 
been reported (20). Therefore, the cytochrome oxidase activity of the 
reproductive systems of Ascaris is less than one-fortieth of that of lung. 
By means of the same procedure no measurable oxidation of cytochrome 
c by the muscle of Ascaris lumbricoides var. hominis was obsetved. 


Succinoridase System of Ascaris Muscle 


According to Laser (10) succinate is oxidized by muscle pulp of Ascaris 
in the presence of methylene blue, but not in the absence of this dye. 
Using a coenzyme-free muscle pulp and Laser’s conditions of assay, we 
have confirmed his observations. Laser (10) concluded that Ascaris mus- 
cle contains succinic dehydrogenase, but that in this tissue no enzyme 
system is present which acts as a hydrogen carrier between succinic de- 
hydrogenase and molecular oxygen. In vertebrate tissues the cytochrome 
system plays this réle. The absence of this system in Ascaris muscle 
(see above) appeared to support Laser’s conclusions. However, the data 
summarized in Table VII indicate that Ascaris muscle contains a suc- 
cinoxidase system which does react with molecular oxygen. Laser has 
observed that the respiration of intact Ascaris and succinate oxidation in 
the presence of methylene blue by muscle pulp of Ascaris are associated 
with the production of hydrogen peroxide and that this substance has an 
inhibitory effect on the succinic dehydrogenase activity of Ascaris muscle 
pulp (10). Removal of hydrogen peroxide by catalase relieved this in- 
hibition, particularly in the presence of ethanol (10). When catalase was 
added to coenzyme-free muscle pulp, oxidation of succinate occurred even 
in the absence of methylene blue, although at a much slower rate than in 
its presence. The rate of succinate oxidation was greater in 100 per cent 
oxygen than in air. When alcohol was added together with catalase, a 
further increase in the oxygen uptake was observed. Optimal activity 
of this system was observed at pH 8.3. Oxidation of succinate was stimu- 
lated in the presence of manganese ions, while other divalent ions, such as 
magnesium or calcium, had no consistent effect. In the presence of cata- 
lase and hydrogen peroxide, ethanol is oxidized to acetaldehyde. Since 
this compound may have an inhibitory effect on the activity of the enzyme 
system, an attempt was made to remove acetaldehyde from the reaction 
mixture by the addition of semicarbazide into the inset of the Warburg 
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vessel. This resulted in a further increase in the activity of the system. 
Under these conditions the activity of the preparation was almost as great 
in the absence of methylene blue as in its presence (Table VII). When 
succinate was omitted from the reaction mixture or when this substrate 
was replaced by lactate, fumarate, malate, citrate, alanine, glucose, or 
n-valerate, no oxygen uptake was observed. 

Cytochrome c and a preparation of cytochrome oxidase free of succinic 
dehydrogenase (14) added alone or together had no effect on the suc- 
cinoxidase activity of the coenzyme-free muscle pulp. Equally ineffective 


Tant VII 
Succinozidase Activity of Coenzyme-Free Muscle Pulp of Ascaris 
0.1 ml. of coenzyme-free muscle pulp. Concentration of sodium succinate, 2.5 
xX 10-*. Total volume, 1.0 ml.; temperature, 38.2°. After temperature equilibra- 
tion, the succinate was tipped from the side arm into the main compartment and 
the initial reading was taken 5 minutes thereafter. 


Catalase East | MaCh | ‘carteside | Or 
— propanedio! units | Atmosphere trati tration| (pH 7.0) im 30° mie. 
center well 
X mw) 
mg. per cent 9H * pl. 
1.6 7.4 Air 9.5 
7.4 0.5 
7.4 1.7 = 2.2 
7.4 1.7 100% Os 4.2 
7.4 1.7 100% [I X 10° 6.7 
8.3 1.7 100% “ |4xX 10% 14.1 
8.3 1.7 100% “ (4x10? 1X 10" 23.5 
8.3 1.7 100% 10 1x 10" 0.1 26.8 
1.6 8.3 1.7 100% |4x 10 1x 10° 0.1 30.8 


were two metalloporphyrin pigments which were isolated from the muscle 
and the perienteric fluid by the methods of Davenport (24). 

A preparation of the succinoxidase system of Ascaris muscle could be 
obtained in the following manner: a homogenate of Ascaris muscle in 3 
volumes of 2-(hydroxymethy])-2-amino-1 ,3-propanediol buffer (0.04 M, 
pH 9.0) containing 0.025 M. sodium succinate, was centrifuged for 30 min- 
utes at 4000 r.p.m. The supernatant was dialyzed against 2-(hydroxy- 
methy!)-2-amino-1 ,3-propanediol (pH 9.0, 0.04 u) containing sodium suc- 
einate (0.025 m) and then centrifuged for 1 hour at 18,000 r.p.m. All 
operations were carried out at 0-4°. The succinoxidase activity of the 
supernatant and the conditions of the assay are recorded in Table VIII. 
As in the case of the coenzyme-free muscle pulp, under optimal conditions, 
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oxygen uptake was almost as high in the absence of methylene blue as in 
its presence. 


Taste VIII 
Succinoridase Activity of Extract of Ascaris Muscle 
Extract, 0.2 ml.; sodium succinate, 2.5 X 10°? M; 2-(hydroxymethy])-2-amino- 
1,3-propanediol buffer, 4 X 10-? M (pH 8.3); catalase, 1.7 units; ethanol, 4 X 10°? y; 
MnCl;, 1 X 10-* u; semicarbazide, 0.2 M (0.1 ml.) in center well. Total volume, I 
ml. 100 per cent oxygen. Temperature, 38.2°. After temperature equilibration 
the succinate was tipped from the side arm into the main compartment and the 
initial reading was taken 5 minutes thereafter. 


— — 


Oxygen uptake in 30 min. 
pl. 
17.7 


TAnLE IX 
Effect of Perienteric Fluid on Oxygen Uptake of Homogenate of Washed Ascaris Muscle 
Final concentration of potassium phosphate buffer (pH 7.4), 0.04 u. Total vol- 
ume, 1 ml.; temperature, 38.2°. Washed Ascaris muscle homogenate; 3 gm. of 
Ascaris muscle washed a¢cording to Harnisch (25) were homogenized with 9 ml. of 


water. 
Perienteric fluid 
Washed Ascaris 0, uptake in 30 min. 
Untreated Dialyzed Heated, 80°, 10 min. 
ml. mil. ml. wl. 
0.3 1.0 
0.3 0 
0.3 0 
0.3 0.3 15.5 
0.3 0.3 1.1 
0.3 0.3 14.9 


These observations indicate that in Ascaris muscle succinic dehydro- 
genase can react with or consists of an enzyme system which in turn reacts 
with molecular oxygen. The latter is not identical with the cytochrome 
system, the presence of which we have been unable to detect in Ascaris 
muscle. 
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Effect of Perienteric Fluid of Ascaris on Respiration of Ascaris Muscle 


Harnisch (25) has observed that the perienteric fluid of Ascaris mark- 
edly stimulates the respiration of a washed muscle preparation of this 
organism. The stimulatory factor present in the perienteric fluid is not 
an apoenzyme, since it is heat-stable and dialyzable (Table IX). It has 
not been determined whether this factor acts as a coenzyme or as a sub- 
strate for the respiration of Ascaris or whether one or more factors are 
involved in this effect. 


DISCUSSION 


It has been found that the concentration of catalytically active cyto- 
chrome c in the muscle and the female reproductive system of Ascaris 
is less than 1 X 10~-* mole per gm. or less than one-tenth of that of mam- 
malian skeletal muscle. Furthermore, the cytochrome oxidase activity 
of Ascaris tissues is lower than one-fortieth of that of rat lung which, 
among mammalian organs studied, has the lowest cytochrome oxidase 
activity (19, 20). Even if such low concentrations of these two enzymes 
were present in Ascaris, they could catalyze only a very small proportion 
of its total oxygen uptake, which may reach values as high as 500 ul. per 

- hour and per mg. (wet weight) (8). The rate of respiration of Litomosoides 
carinii exceeds this figure considerably (12); yet, by the use of procedures 
similar to those employed for Ascaris tissues, no cytochrome c or cyto- 
chrome oxidase activities could be detected in this nematode. Therefore, 
the cytochrome system cannot be considered as the universal catalyst of 
all respiring cells, although its occurrence has been demonstrated in many 
tissues of animals and plants (26). 

The average Qo, (wet weight) of Schistosoma mansoni is 1.8 (13). The 
cytochrome oxidase activity of 75 mg. of schistosomes (wet weight) was 
equivalent to an oxygen uptake of approximately 6 ul. in 30 minutes or to 
& Qo, of 0.16. Determination of the cytochrome c activity of these worms 
yielded a lower value still. Therefore, the activities of these two respira- 
tory enzymes account for less than 10 per cent of the over-all oxygen con- 
sumption of the schistosomes. 

While the respiration of Ascaris is not sensitive to cyanide (8, 10), low 
concentrations of this substance completely inhibit the oxygen uptake of 
Litomosoides carinii (12) and of Schistosoma mansoni (26, 27). Therefore, 
it appears that in the latter two helminths respiration is catalyzed by one 
or several heavy metal-containing enzymes which are not identical with 
the cytochrome system. It has been observed that Ascaris contains a 
cyanide-sensitive enzyme which oxidizes p-phenylenediamine (8). In 
mammalian tissues this substance is oxidized by the cytochrome system. 


Since the latter could not be detected in Ascaris, it appears that an en- 
zyme other than cytochrome oxidase is present in Ascaris (e.g. an amine 
oxidase or a phenoloxidase) which catalyzes the oxidation of p-phenylenedi- 
amine. 

No correlation between the dependence of helminths on respiratory 
metabolism and the occurrence of the cytochrome system could be found. 
A high rate of oxidative metabolism is essential for the survival of the 
filariae (12); anaerobic reactions supply a major portion of the energy 
required by Ascaris and by schistosomes (28, 13). Yet, in all three species 
low or no activities for cytochrome c or cytochrome oxidase could be 
detected. 

Keilin (2) and Keilin and Hartree (7) have observed in the tissues of 
Ascaris a pigment whose spectral absorption band is similar to that of 
reduced cytochrome c. To our knowledge this band could be observed 
only after treatment with hydrosulfite.“ If this pigment were identical 
with cytochrome c, the absorption band of its reduced form should have 
the same intensity whether hydrosulfite was used or not because of the 
occurrence in Ascaris of a factor which reduces cytochrome c. 

The succinoxidase system of Ascaris muscle (29) differs from that of 
vertebrate tissues because transfer of electrons to atmospheric oxygen 
occurs without the participation of the cytochrome system and because 
hydrogen peroxide rather than water is a reaction product. This suggests 
that a flavin enzyme may be a constituent of this system. It has been 
reported that a heated preparation of Salmonella exhibits succinoxidase but 
no cytochrome oxidase activity (30,31). Many properties of this material 
differ from those of the succinoxidase of Ascaris muscle (e.g. stability to 
heat and to alkaline pH, optimal pH, and effects of cytochrome c and of 
methylene blue on enzymatic activity). 

The presence in three helminths of respiratory mechanisms in which the 
cytochrome system does not participate to any significant extent raises 
the question whether or not these types of respiration represent a func- 
tional adaptation or preexisting mechanisms which have become unmasked 
by the disappearance of the cytochrome system. Further studies of the 
respiratory metabolism of helminths and of other invertebrate Metazoa 
might provide answers to these problems of biochemical evolution. 


SUMMARY 


1. No measurable cytochrome c activity could be detected in the muscle 
or in the female reproductive system of Ascaris lumbricoides or in the 
filarial nematode, Litomosoides carinii. The possibility that the absence 

* We wish to express our appreciation to Professor D. Keilin for having demon- 
strated to one of us (E. B.) this absorption band of hydrosulfite-treated Ascaris 
muscle. 
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of cytochrome c activity was due to “insoluble” cytochrome e bound by 
tissue particles was ruled out by spectroscopic examination of the resi- 
due of Ascaris tissue homogenates. 

2. Muscle and reproductive systems of Ascaris and Litomosoides carinii 
had no measurable cytochrome oxidase activity. It is concluded that the 
respiration of these two helminths is catalyzed by enzymes which are not 
identical with the cytochrome system. 

3. Cytochrome c and cytochrome oxidase activities of Schistosoma 
mansoni accounted for less than 10 per cent of the over-all oxygen uptake 
by this trematode. 

4. Ascaris muscle contains a succinoxidase system which reacts with 
molecular oxygen without the participation of the cytochrome system. 
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EFFECTS OF INCUBATING COMPOUND E AND RELATED 
STEROIDS WITH VARIOUS SURVIVING RAT TISSUES* 


By JOHN J. SCHNEIDER anv PATRICIA M. HORST MANN, 


(From the Department of Experimental Medicine, Jefferson Medical College, 
Philadelphia, Pennsylvania) 


(Received for publication, December 21, 1951) 

In the previous communication in this series (1) we presented a method 
for the recovery and determination of desoxycorticosterone added to tissue, 
and described the effects of incubating this steroid with various surviving 
rat tissues. It was found that incubation with surviving liver slices re- 
sulted in extensive reduction of the conjugated unsaturated system. Kid- 
ney slices were less active, and muscle and adrenal the least active of those 
tissues examined. As judged in terms of changes in the periodate assay, 


— the procedure, 
and to report the effects of incubating 17-hydroxy-11-dehydrocorticos- 
terone (Compound E) with surviving liver and other tissues of the rat. 
In addition, data are presented comparing the metabolic rate of this com- 
pound in rat liver slices with desoxycorticosterone, 11-dehydrocorticos- 
terone (Compound A), 17-hydroxycorticosterone (Compound F), and 17- 
hydroxy-11-desoxycorticosterone (Substance 8). 


Methods 


Incubation—The steroids were incubated as the free compounds in 
Krebs’ phosphosaline buffer. As previously outlined (1), such solutions 
are prepared by warming 6 to 10 mg. amounts of the free compound with 
0.25 ml. of absolute alcohol in a 25 ml. volumetric flask, and diluting with 
near boiling buffer. Since buffer-alcohol solutions of desoxycorticosterone 
containing more than 300 y per ml. are usually cloudy, and since Com- 
pound E is relatively insoluble in alcohol, recent practice has been to 
prepare solutions of desoxycorticosterone and Compounds A, E, and F 

* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service. 
This is Paper IV in a series, Studies in intermediary steroid metabolism.” A 
preliminary report of a portion of this work was presented at the meeting of the 
ao for the Study of Internal Secretions at Atlantic City, New Jersey, June 

t Present address, Department of Chemistry, Catholic University of America, 
Washington, D. C. 
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containing approximately 250 + per ml., and to incubate 3 ml. rather than 
2 ml. aliquots. Substance S invariably crystallizes from solution if its 
concentration exceeds 250 y per ml., but stable and completely clear solu- 
tions of this steroid can be prepared containing from 210 to 225 y per ml. 

The incubation procedure proper has been changed only to the extent 
that each experiment includes but a single, unincubated blank vessel. 
This appears justified, since the blank value is constant and not signifi- 
cantly increased on incubation. 

Chromatography The protein precipitation and extraction procedures 
have not been modified, but the chromatography step has been somewhat 
altered. The upper (loose fitting) fritted glass plate has been increased 
in width to approximately 7 mm.; this provides a better fit and eliminates 
the use of glass beads. 

Control experiments with the steroids used in these experiments showed 
that the volume of ethyl acetate recommended was greater than required, 
and that 125 ml. is sufficient in all cases. 

Studies with Compound E and F showed that the solubility of these 
compounds in the crude, dry extracts in benzene is in part dependent on 
the presence of tissue extractives. Thus, unless the steroid to tissue ratio 
exceeds 1:200, the solution of Compounds E or F in the resulting crude 
extract in benzene is incomplete in the time allowed. This difficulty has 
been overcome by avoiding low ratios, and by adding the benzene to the 
flasks containing the dry extracts 10 to 12 hours in advance of chromatog- 
raphy. This resulted in no detectable loss of either compound. 

It has been noted that since ethyl acetate absorbs strongly in the region 
220 to 230 my, it is important to remove the last traces of this solvent 
prior to analysis. This is accomplished by first blowing out the flasks 
containing the dry eluate residue with nitrogen; approximately 10 ml. of 
absolute methanol are then added and removed in vacuo. 

Because of the limited solubility of Compound E and F in benzene in 
the absence of tissue extractive, it has not been possible to control the 
chromatographic procedure in the manner given for desoxycorticosterone. 
However, since the analytic values for duplicate or triplicate control ves- 
sels were usually in close agreement, it seemed reasonable to regard these 
as the standards in each experiment, and to calculate the results from 
them. 

Analytical Procedures—As before, the conjugated unsaturated system 
was measured by ultraviolet spectroscopy. In some cases, this was sup- 
plemented by the sulfuric acid-chromogen procedure of Zaffaroni (2). 

1 Since the absorption peak at 280 to 285 mu of Compound E in sulfuric acid solu- 
tion is clearly due to the conjugated unsaturated system, measurement of its dis- 
appearance on incubation provides evidence supporting that obtained by direct 
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Measurement of the side chain was provided by the periodate method, 
and, in the case of Compounds E and F and Substance 8, by the sulfuric 
acid-phenylhydrazine method of Porter and Silber (3). 

The eluate residues were prepared for analysis by adding 10 ml. of 
absolute methanol to the flask and briefly agitating it. 

Ultraviolet Spectroscopy—2 ml. aliquots of the absolute methanol solu- 
tions were diluted to 10 ml. with absolute methanol. Since solutions from 
blank vessels showed a uniformly low absorption, it was found convenient 
to use such solutions as the solvent of reference when measuring the ab- 
sorption of solutions from control or experimental vessels. In all cases, 
measurements were made over the range 220 to 260 my at intervals of 5 
to 10 my, with a Beckman model DU spectrophotometer. This serves 
as a check for possible ethyl acetate contamination and allows for a more 
precise location of the absorption maximum. The results are expressed 
in terms of optical density (D) values. 

Periodate Assay—The procedure given for the desoxycorticosterone ex- 
periments (1) has been somewhat simplified. It was found that, since 
the distillates from unoxidized control or experimental vessels gave no 
color with chromotropic acid, the corresponding oxidized samples could 
be read directly against a reagent blank and corrected for the slight color 
contributed by the oxidized blank vessel. 

2 ml. aliquots of the absolute methanol solution were pipetted into oxi- 
dation-distillation flasks. The methanol was removed in a vacuum desic- 
eator over CaCl, and 5 ml. of 10 per cent ethanol were added to the resi- 
due. Oxidation and distillation were then carried out as previously 
described. 

Porter-Silber Assay—1 ml. aliquots of the absolute methanol solutions 
were pipetted into glass-stoppered test-tubes in which the reaction was 
carried out as outlined by Porter and Silber (3). Determinations of the 
optical density were made in an Evelyn colorimeter, with the 420 ma 
filter. While solutions derived from control vessels containing Compound 
E or Substance S gave no color when treated with the phenylhydrazine- 
lacking reagent, solutions containing Compound F gave enough color to 
require suitable controls. Solutions derived from blank vessels treated 
with either the complete or incomplete reagent gave densities of 0.009 or 
less. As a routine procedure, solutions containing Compound E or Sub- 
stance S were treated with the complete reagent and read against a meth- 
anol-sulfuric acid-phenylhydrazine blank. The density values obtained 
were then corrected for the trace of color given by the blank vessel. Solu- 
ultraviolet spectroscopy. While the absorption peaks at 340 to 345 ma and 410 to 


415 my are also diminished or lost on incubation, it has not been possible to relate 
these maxima to structure and, accordingly, to interpret these changes. 
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tions derived from vessels containing Compound F were treated with both 
the complete and the phenylhydrazine-lacking reagent. The difference 
in optical density, corrected as above, was taken as the final value. 

Sulfuric Acid-Chromogen Procedure of Zaffaroni—In some experiments, 
2 ml. aliquots of the absolute methanol solutions were pipetted into test- 
tubes and the alcohol removed in a vacuum desiccator. 3 to 4 ml. of 
concentrated sulfuric acid were then added and after 2 hours the absorp- 
tion of the solutions was determined over the range 250 to 500 my in a 
Beckman spectrophotometer. As in the case of direct ultraviolet spec- 
troscopy (above), it was found convenient to use the solution derived 
from the blank vessel as the solvent of reference. Its absorption was 
negligibly low over the range indicated. 

Determination of 17-Ketosteroids—The Holtorff and Koch (4) modifi- 
cation of the Zimmermann reaction, the Pincus (5) test, and the Munson, 
Jones, McCall, and Gallagher (6) modification of the Pettenkofer reaction 
were used. 

Results 


Incubation of Compound E with Rat Liver—Generally the system con- 
sisted of surviving rat liver slices (200 to 300 mg., wet weight) suspended 
in from 2 to 3 ml. of phosphosaline buffer containing from 600 to 900 7 
of the free steroid. Incubation was conducted at 38° in an oxygen at- 
mosphere. The data for the most recent such experiment are given in 
Table I. 

As this experiment illustrates, extensive (presumably reductive) loss of 
the conjugated unsaturated system occurs. In many experiments com- 
plete loss of the conjugated unsaturated system was noted, and in those 
cases in which a higher steroid to tissue ratio was used, complete loss 
always occurred. If incubations are carried out for varying periods of 
time, a rate curve is obtained similar to that given for desoxycorticosterone 
(1). In a series of eighteen experiments, the rate of metabolism as deter- 
mined in terms of loss of the conjugated unsaturated system varied from 
2.8 to 3.4 y and averaged 3.0 y of Compound E per mg. of wet weight of 
tissue. The data obtained by the method of Zaffaroni (2) (Table I) 
illustrate only the loss of the absorption peak at 280 to 285 muy. 

In preparations of rat liver slices, the degradation of the side chain of 
Compound E as determined by alterations of the Porter-Silber assay is 
marked, and only slightly less extensive than reduction of the conjugated 

2 As used in this paper, the term rate“ is understood to be the change occurring 
during the 3 hour period of incubation. The form in which it is expressed seems to 
be preferred to that given in the previous communication (1), in which the results 
are reported in terms of per cent reduction or degradation at a stated steroid to 


tissue ratio. 
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unsaturated system. As expressed in terms of the loss of the 17 ,21-di- 
hydroxy-20-keto structure, the metabolic rate varied from 2.2 to 2.8 y 
and averaged 2.4 y of Compound E per mg. of wet weight of tissue. In all 


I 
Incubation of Compound E with Surviving Rat Liver Slices 

The blank vessel (No. 1) contained slices suspended in 3 ml. of buffer. In the 
control vessels (Nos. 2, 3, 4) and experimental vessels (Nos. 5, 6, 7) slices were sus- 
pended in 3 ml. of buffer containing 828 y of Compound E. The wet weight of slices 
in each vessel was 208 + 2 mg. The blank and control vessels were diluted with 
acetone and processed immediately after addition of slices. Experimental vessels 
incubated 3 hours at 38°; gas phase Or.. D = optical density. 


Ultraviolet spectroscopy Zaffaroni assay 
Vessel 
ame | Averee | | | Average | 
slices slices 
D D 7 D D Y 
1 
2 0.247 0.990 
3 0.255 0.252 1.050 1.032 
4 0.255 1.055 
5 0.042 0.261 
6 0.036 0.042 | 83.3 3.3 0.254 0.253 | 75.5 3.0 
7 0.047 0.234 
Porter-Silber assay Periodate assay 
Per cent Compound Per cent Compound 
At 420 ma | Average E degraded | At 880 mu* Average E degraded 
“Toa” “tion” | 
1 
2 0.323 0.114 
3 0.333 0.329 0.120 0.119 
4 0.331 0.123 
5 0.140 0.078 
6 0.149 0.142 56.8 2.3 0.070 0.074 37.8 1.5 
7 0.137 0.083 


* Corrected for optical density of the blank vessel. 
cases in which simultaneous periodate assays were carried out, it was noted 
that the degradation of the side chain as measured by a change in the 
periodate titer was significantly less marked than that noted above. In 
eight experiments, the metabolic rate as judged (presumably) by the loss 
of the dihydroxyacetone or glycerol structures varied from 1.0 to 2.0 + 
and averaged 1.4 y of Compound E per mg. of wet weight of tissue. 
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In the experiment outlined in Table I, and in other similar experiments, 
aliquots of the benzene-ether, ether, and ethyl acetate eluates were tested 
for 17-ketosteroids by the methods indicated. None were found. 

Comparative Activities of Various Tissues—In addition to investigating 
the metabolism of Compound E in surviving liver tissue, we have ex- 
amined the activities of various muscle preparations and of kidney, ad- 
renal, and spleen from the rat. In order to increase the comparative 
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Fic. 1. Comparative abilities of various rat tissues to metabolize Compound E. 
Reduction of conjugated unsaturated system (ultraviolet spectroscopy, solid col- 
umns) and degradation of side chain (Porter-Silber assay, open columns; periodate 
assay, shaded columns). The values in parentheses indicate the number of experi- 
ments in each case. Periodate assays in eight of these experiments. 


value of these experiments (Fig. 1) the steroid to tissue ratio was kept 
constant, and in many cases the organs from a single animal were ex- 
amined simultaneously. 

Kidney tissue in the form of slices was approximately one-third as active 
as an equivalent weight of liver slices. Muscle tissue, in the form of sur- 
viving diaphragm segments or heart slices or rectus mince, has always 
proved to be almost completely inactive. Under the conditions of our 
experiments, unfortified adrenal homogenate has shown slight but meas- 
urable ability to degrade the side chain and reduce the conjugated unsatu- 
rated system. Spleen slices were inactive. 

In the case of both liver and kidney tissue, the substitution of an equi- 
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valent weight of mince for slices greatly reduced the activity. The ac- 
tivity of such preparations was not restored by adding diphosphopyridine 
nucleotide or dihydrodiphosphopyridine nucleotide in 0.002 m concentra- 
tion. Doubling the steroid to tissue ratio was without effect. 

Certain initial experiments with slices of guinea pig liver suggest that 
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Fic. 2. Comparative rates of metabolism of various adrenocortical compounds in 
rat liver slices. Reduction of conjugated unsaturated system (ultraviolet spectros- 
copy, solid columns) and degradation of side chain (Porter-Silber assay, open 
columns). Mean values for five experiments with Compound A, Substance 8, and 
desoxycorticosterone, and six experiments with Compounds E and F. 


the capacity to inactivate adrenocortical compounds in vitro may be in 
part species-determined. In a system similar in other respects to that 
described above, Compound E was incubated with slices prepared from 
the livers of seven normal, adult male guinea pigs. The average rate of 
metabolism as determined by loss of the conjugated unsaturated system 
was 1.2 y per mg. of wet weight of tissue. This is significantly lower 
than that given for rat liver. 

Comparative Rates of Metabolism of Various Adrenocortical Compounds 
in Rat Liver Since it is of general interest to determine whether structur- 
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ally related adrenocortical compounds differ in their metabolism, a number 
of experiments were carried out in which various compounds were simul- 
taneously incubated with slices from a single lobe of liver. The steroids 
used were desoxycorticosterone, Substance S, and Compounds A, E, and 
F. The steroid to tissue ratio was kept constant and the steroid solutions 
were completely clear in all cases. The averaged results of five such ex- 
periments are given in Fig. 2. 

It is evident that the differences in metabolic rates are not marked. 
Closer examination of the data from each experiment and from other 
similar experiments’ shows that certain conclusions are allowable. As 
determined by the extent of reduction of the conjugated unsaturated 
system, Compounds A, E, and F are the most extensively metabolized, 
and desoxycorticosterone and Substance S are significantly more resistant 
to reduction. This conclusion is supported by the observation that, while 
the livers used varied in their enzymatic activity, the relative order in 
which the various compounds were reduced was the same in all five ex- 
periments. In each of these experiments and in a sixth more recent trial, 
the extent of reduction of the conjugated unsaturated system and degrada- 
tion of the side chain of Compound E exceeded that of Compound F. 
However, these differences must be regarded as only questionably signifi- 
cant. More recently, we have noted that the rate of metabolism of Com- 
pound E in slices of guinea pig liver significantly exceeds that of Com- 
pound F as judged by both of the above methods of analysis. 

The extent of reduction of desoxycorticosterone given in these experi- 
ments exceeds that previously recorded (1) by about 30 per cent. We 
attribute this to the fact that in the present experiments more dilute and, 
accordingly, completely clear solutions of desoxycorticosterone were used. 
This serves to emphasize the factor of solubility as an important deter- 
minant in experiments in vitro. 

DISCUSSION 


These experiments show that Compound E is rapidly metabolized by 
liver in a simple system in vitro. Under the conditions imposed, the most 
extensive metabolic change is loss of the conjugated unsaturated system. 
In keeping with the evidence presented in the case of desoxycorticosterone 
(1), it is likely that this loss is reductive in nature. The occurrence of 
one of the possible reduction products, tetrahydro Compound E (preg- 
nane-3a, 17a ,21-triol-11 ,20-dione), in the urine of normal males (7) and 

While the range in activity of livers from animals of the same age, weight, and 
strain is in the order of 25 per cent, the variation in activity of carefully prepared 


and selected slices from a given liver lobe is within the limits of error of the method. 
In such experiments, differences in rates of metabolism in excess of 10 per cent are 


considered significant. 
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human subjects treated with Compound E or adrenocorticotropin (8) 
supports this view. Such a reductive change inactivates the hormone 
physiologically (9)“ and is possibly a necessary first step in effecting con- 
jugation with glucuronic acid (7). 

While the nature of the enzymatic degradation of the side chain remains 
obscure, it is extensive as judged by changes in the Porter-Silber assay. 
The values obtained by the periodate procedure indicate that less extensive 
degradation occurs. These differences can in part be explained if reduc- 
tion at C-20 to yield the periodate-reacting glycerol type‘ of side chain is 
an important step in the metabolism of the side chain. While we have 
no direct evidence that this reduction occurs in the case of Compound E, 
we believe that it is very likely. Our failure to detect 17-ketosteroids in 
the incubate does not argue against their formation, for it is known (12) 
that steroids of this class are further metabolized in in vitro systems to 
give compounds in which the C-17 carbonyl group has been reduced to 
hydroxyl. 

While the differences in the rates of metabolism of the adrenocortical 
compounds are not marked, it is of interest to speculate on the relation of 
structure to metabolic rate. The degree of oxygenation per se does not 
appear to be a factor. Thus, although desoxycorticosterone and Sub- 
stance S (3 and 4 atoms of oxygen respectively) are more resistant to re- 
duction than Compounds E and F (5 atoms of oxygen), the rate of reduc- 
tion of Compound A (4 atoms of oxygen) equals or exceeds that of 
Compound E or F. In those compounds having 4 atoms of oxygen, the 
position of the 4th oxygen atom (the C-17 tertiary hydroxyl group or the 
C-11 carbonyl group) is clearly of importance (Compound A is far more 
readily reduced than Substance 8). When 5 atoms of oxygen are present 
and in the same position (Compounds E and F), it appears possible that 
the nature of the 5th atom (the carbonyl or hydroxyl group at C-11) in- 
fluences the rate of metabolism. This point could be examined further 
by comparing the rates of metabolism of Compounds A and B (corticos- 
terone). Additional information might be gained by comparing the rate 
curves for the various compounds. 

Of the analytic methods we have been able to adapt to our procedure, 


It has been reported (10, 11) that the incubation of Compound E with surviving 
rat liver slices results in a loss of physiological activity as determined by the liver 
glycogen method. 

‘The data of Porter and Silber (3) show that in one compound (A‘-pregnene- 
17,20, 21-triol-3-one) reduction of the C-20 carbonyl group to hydroxy] is associated 
with a shift of the absorption maximum of the colored test solution from 410 ma to 
465 ma. The effect of reduction at C-20 in compounds oxygenated at C-11 is not 
known (personal communication from Dr. Porter). We did not observe a shift in 
the absorption maximum of the colored test solutions derived from incubated samples 


of Compound E. 
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we regard direct ultraviolet spectroscopy and the Porter-Silber method 
as the most reliable. In our experience the periodate method has proved 
less dependable. Use of the diffusion modification (13) should improve 
and shorten it. While blue tetrazolium (3 ,3’-dianisole bis-4 ,4’(3 ,5-di- 
phenyl)tetrazolium chloride) has been adapted for colorimetric use (14) 
and should prove valuable, its use in our laboratory has been limited. 


The authors wish to thank Dr. James Carlisle and Dr. Max Tishler, 
Merck and Company, Inc., Rahway, New Jersey, for generous supplies 
of Compounds A, E, and F, Dr. E. Oppenheimer and Dr. C. R. Scholz, 
Ciba Pharmaceutical Products, Inc., Summit, New Jersey, for the des- 
oxycorticosterone and Substance 8 used in this study, and Mr. Paul J. 
Schneider, College of Engineering, State University of Iowa, for prepar- 
ing the figures. 

SUMMARY 

1. The metabolism of Compound E in various surviving rat tissues has 
been studied by ultraviolet spectroscopy, the Zaffaroni method, the Porter- 
Silber test, and periodate assay as the analytic methods. 

2. Incubation of this steroid with surviving rat liver slices results in 
rapid reduction of the conjugated unsaturated system and extensive degra- 
dation of the side chain. Of the remaining tissues examined, only kidney 
showed significant activity. 

3. The relative rates of metabolism of desoxycorticosterone, Substance 
8, and Compounds A, E, and F in rat liver have been studied and com- 
pared by ultraviolet spectroscopy and the Porter-Silber test as the analytic 
methods. Certain definite and other questionably significant differences 
have been noted. 

4. Some preliminary results have been presented which indicate that the 
ability to inactivate adrenocortical compounds is in part species-deter- 
mined. 
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THE TURNOVER RATE OF FIBRINOGEN IN THE DOG* 


By ROBERT E. MADDEN AN R. GORDON GOULD 
(From the Rush Department of Biochemistry of the Presbyterian Hospital, Affiliated 
with the University of Illinois, and the Department of Biological Chemistry, 
College of Medicine, University of Illinois, Chicago, Illinois) 
(Received for publication, November 13, 1951) 


The early studies of Foster and Whipple (1), Meek (2), and Rosenthal, 
Licht, and Melchior (3) on dogs and of Drury and McMaster (4) on rabbits 
revealed that the fibrinogen level falls rapidly after hepatectomy or acute 
liver damage, in some cases reaching values close to zero within 30 hours. 
These experiments not only indicated very strongly that the liver was the 
only source of plasma fibrinogen, but also suggested that fibrinogen has a 
rapid rate of turnover or regeneration. Because of the extensive surgery 
involved in the removal of the liver and the profoundly unphysiologic state 
of the hepatectomized or poisoned animal, it cannot be assumed that the 
rate of utilization of fibrinogen under these conditions is necessarily the same 
as that under normal conditions. We have therefore considered it of inter- 
est to measure the rate of turnover of fibrinogen in the normal, intact dog 
by the isotope tracer technique with radioactive sulfur. 

Dogs were fed with S**-pt-methionine (synthetic) in some experiments and 
with dried S**-labeled yeast! in others, and the relative S** content of fibrino- 
gen was determined by isolation and assay of fibrin. Two independent 
methods were used for the determination of the turnover rate: (1) the in- 
creasing specific activity of fibrin was followed during a period of labeled 
methionine feeding in a standard daily dose until a constant value was 
obtained, and (2) the decreasing specific activity was followed subsequent to 
either a period of methionine feeding or a single large dose of methionine or 
yeast. Results by both methods showed good agreement and gave a value 
of approximately 4.2 days for 50 per cent turnover. 


* Aided by contract No. AT(11-1)56 between the Presbyterian Hospital and the 
Atomic Energy Commission and by the Otho S. A. Sprague Memorial Institute. 

The material in this communication represents work submitted by Mr. R. E. 
Madden in partial fulfilment of the requirements for the degree of Master of Science 
from the Department of Biological Chemistry, College of Medicine, University of 

The S*-labeled yeast was generously donated by and the synthetic methionine 
obtained from the Division of Radioactive Pharmaceuticals, Abbott Laboratories. 
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Isolation of Fibrin—Fibrin was isolated by a method based on Morrison’s 
extensive studies on the clotting of fibrinogen (5). Each sample of venous 
blood was treated with 0.1 volume of isotonic trisodium citrate and centri- 
fuged. Plasma (about 6 ml.) was diluted with 3 volumes of isotonic saline, 
and 1 National Institute of Health unit of thrombin (bovine) in a 10 unit 
per ml. water solution was added for each 2.5 ml. of plasma. The mixture 
was allowed to stand in an evaporating dish for not less than 8 hours at 
room temperature. Clotting began within 15 minutes under these condi- 
tions. The clot was then removed from the partially expressed serum and 
placed on absorbent paper for about 10 minutes, which resulted in retraction 
to a thin membranous film. It was then washed twice with saline and 
twice with distilled water, each for 5 minute periods. Under these condi- 
tions the occlusion of other proteins is minimal. 

In two experiments fibrinogen levels were followed by drying the clots at 
110° for 2 hours and weighing. Morrison reported the yield to be a function 
of fibrinogen concentration, varying from 95 per cent at a fibrinogen concen- 
tration of 0.25 per cent to 100 per cent for 0.50 per cent fibrinogen (5), and 
the yield in our experiments would be expected to be in this range. Ina 
study of the reproducibility of the method, we found that five replicate 
determinations on a single lot of plasma varied by only +2 per cent of 
the mean. 

Ss. A aa / Procedures Fibrin was assayed for relative S** content by dis- 
solving the clot, prepared as described above, by heating in 5 ml. of 6 x 
hydrochloric acid at 100° for approximately 1 hour. The solutions were then 
evaporated to dryness in glass containers, and the residues redissolved in 
3 ml. of water and reevaporated four times to drive off free hydrochloric 
acid. The soluble residues were transferred by means of minimal amounts 
of water to tared stainless steel counting cups 1 inch in diameter and evap- 
orated to dryness, and finally put into a desiccator while hot and kept over- 
night over sodium hydroxide. It was established that further attempts to 
remove hydrochloric acid and water did not result in appreciable loss in 
weight or gain in specific activity. The residual material was a dry, resin- 
ous, non-sticky film and was slightly hygroscopic. The samples were 
assayed with an end window Geiger counter immediately after being re- 
moved from the desiccator. In most cases they were also assayed in a 
windowless flow proportional counter and results obtained by the two meth- 
ods were the same within experimental error. The film thickness was 
usually in the range 3.5 to 5.5 mg. per sq. cm., and corrections for self- 
absorption to an infinitely thick layer were made by means of experi- 


642 TURNOVER RATE OF FIBRINOGEN 
EXPERIMENTAL 
Procedures 


R. E. MADDEN AND R. d. GOULD 643 


mentally determined curves. Half the maximal counts were obtained at 


3.60 mg. per sq. cm. Replicate assay determinations on a single lot of 
labeled blood gave figures that agreed within +4 per cent of the mean. 


acid (final concentration 6 per cent), washed twice with trichloroacetic 
acid, twice with alcohol, and then dissolved in hydrochloric acid and pre- 
pared for counting as for fibrin. 

Uptake Experiments—In Experiments 2 and 4 the rate of incorporation 
of labeled methionine into fibrin was determined by the constant dose 
technique. 10 yc. of S*-pt-methionine and 1 ml. of 5 per cent glucose-5 
per cent amino acid mixture (Amigen) were dissolved in water and mixed 
with the daily portion of dog food. The amount of food given was that 
found by a preliminary feeding period to maintain the dogs at constant 
weight. This was fed daily for about 3 weeks, at which time it was con- 
cluded that the specific activity had reached an essentially constant level. 

Die Away Experimente—The second method consisted in following the 
decrease in specific activity of fibrin for about 3 weeks subsequent to the 
feeding of labeled precursors. In Experiments 3 and 5 the same dogs that 
were used in the uptake experiments were studied after discontinuing the 
§**-methionine, and in one case unlabeled bi- methionine was fed at a level 
of 5 gm. per day from the 2nd day of the experiment on in order to minimize 
the reutilization of isotopically labeled methionine returned to the metabolic 
pool. In Experiment 1, 100 yc. of S*-pi-methionine were fed over a 4 day 
period, and, in Experiments 7 and 8, 1 me. of labeled yeast was fed in a 
single dose to each of two dogs. Inert methionine and cystine were both 
fed in these last two experiments in daily doses of 5 and 2 gm., respectively. 


Results 


In Fig. 1 the relative specific activity is plotted against time for a typical 
uptake experiment (No. 4) and for the subsequent die away experiment in 
the same dog (Experiment 5). The time for 50 per cent replacement can 
be seen to be about 4 days in either case, but more accurate values may be 
obtained by exponential treatment of the data, as shown in Fig. 2, for both 
uptake experiments and, in Fig. 3, for three die away experiments. In 
Fig. 2, log I/I i is plotted against time, where / is the final equilibrium 
specific activity value for a given dosage regimen and i the value at time t. 
In Fig. 3, log 100i/ is plotted against time. Values for 50 per cent turn- 
over from all these linear plots are presented in Table I. 

There is undoubtedly some error due to occlusion of other proteins, but 
we believe this to be small, because (a) the conditions of clotting produced 


— 
It was isolated by precipitation of the expressed serum with trichloroacetic 
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a minimal amount of occlusion and (b), according to Morrison (5), of the 
three proteins most likely to be occluded, the one present in highest con- 
centration, the 6 lipoprotein, has been found in preliminary studies in this 
laboratory? to have approximately the same turnover rate as fibrinogen. 


11 
> A ' 
> 
4 1 EXP. 5 
„% „% 6% „% „% „% „% „% 6% „% eee 6% „„ „„ „ 


UPTAGE 

Fic. 1. A typical uptake determination followed by the corresponding die away 
determination on the same dog. 8S**-labeled methionine was fed at a dose of 10 ye. 
per day for the time indicated. Specific activity, in counts per minute, is plotted di- 
rectly against time. 


LOG I/(I-i) 


TIME 1 N DAYS 

Fig. 2. Two uptake experiments showing the straight line obtained when the values 
are treated exponentially. J is the final equilibrium specific activity value and i the 
value at any given time. 


In Experiments 2, 3, 7, and 8, the relative specific activity of the total 
serum protein fraction was also followed and the results for Experiments 7 


and 8 are shown in Fig. 3. A mean of 11.4 days for 50 per cent turnover 
was found in four experiments. 


? Campbell, D. J., and Madden, R. E., unpublished work. 
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Fibrinogen levels were measured serially in Experiments 7 and 8 and the 
results, given in Table II, indicated the level to vary considerably among 


: EXP 7 


TOTAL SERUM PROTEIN 0 


Days, ~ 8 


Fic. 3. Turnover rate of fibrinogen as determined by die away technique, and com- 
parison with turnover of total serum protein. The half turnover time for fibrinogen 
is seen to be about 4.2 days and that of total serum protein over 10 days. In all these 
experiments supplemental inert precursors were given throughout the die away 


period. 
Rate of Turnover of Fibrinogen 
Uptake experiments Die away experiments 
Experiment No. Half turnover time Experiment No. | Half turnover time 
days days 
2 4.1 4.0 
4 4.6 4.2 
4.2 
-A 3.9 
4.3 
5.6 
7.0 


different dogs and also even in a single dog during a 3 week period. This 


is in agreement with the experience of others (6). 


A few preliminary experiments on human patients indicated a fibrinogen 
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turnover rate of the same order of magnitude as for dogs. The die away 
values for three patients, each given a single dose of S**-labeled methionine 


TAL II 
Fibrinogen Levels during Experiments 7 and 8 
Days of experiment — 
Experiment 7 Experiment 8 
3 364 235 
8 492 308 
11 380 259 
14 279 235 
18 249 231 
21 289 388 
D 342 276 
243 157 


10 1.0 
© EXP 6 8 
© EXP 13 82 
5+} © EXP 18 
O0 2 10 12 14 


PERCENT OF INITIAL SPECIFIC ACTIVITY 


4 6 8 
TIME IN 

Fic. 4. In Experiment 6, S8**-pt-methionine and, in Experiments 13 and 15, 88. 
labeled yeast were fed in a single dose. In the last two experiments 5 gm. of pL- 
methionine and 2 gm. of L-cystine were fed daily beginning 24 hours after labeled 
substrate administration. Specific activities are plotted as per cent of the maximal 
value obtained graphically. The average value for the 50 per cent turnover rate was 
5.6 days, corresponding to a turnover time of 8.1 days. 


or yeast, are shown in Fig. 4. Two of these patients had received inert 
methionine and cystine. All three were patients in the recovery phase of 
myocardial infarction and received no anticoagulant therapy. The vari- 
ation in turnover rate may be due to the use of patients rather than normal 
persons and additional studies are now being carried out. Consequently, 
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the average value for 50 per cent turnover of 5.6 days may be subject to 
certain inaccuracies. 


The turnover time, defined as the time necessary for the synthesis of an 
amount of fibrinogen equal to the total amount present in the animal at 
any given time, is 1.44 times the 50 per cent turnover time. The average 
value for the five most carefully controlled experiments of 4.2 for 50 per 
cent turnover corresponds to a turnover time of 6.0 days. Although this 
turnover rate is faster than that for any other major plasma protein which 
has been reported, the value of 6.0 days isa maximal one. In spite of the 
use of supplemental inert S-amino acids in all five of these experiments, 
the possibility of some reutilization of labeled amino acids cannot be ex- 
cluded. This would decrease the apparent turnover rate and increase the 
value. Further investigation of reutilization is now being carried out. 

The rate of fibrinogen turnover estimated in normal, intact dogs was not 
as rapid as would be expected from the rate of decrease of the fibrinogen 
level in hepatectomized animals. From the data of Drury and McMaster 
(4) it may be estimated that the half life of fibrinogen in — 
rabbits was about 16 to 24 hours. Meek (2), Rosenthal et al. (3), and 
Mann et al. (7) also found rapid disappearance of fibrinogen in hepatectom- 
ized dogs. No explanation for this discrepancy is apparent. It is possible, 
however, that the surgical trauma of hepatectomy may have increased the 
rate of utilization. 

A turnover time of 6.0 days corresponds to a daily utilization of about 
16.7 per cent of the total amount of fibrinogen present in blood and prob- 
ably the same fraction of extravascular fibrinogen as well. Evidence of an 
extravascular fibrinogen reserve was obtained both by Foster and Whipple 
(1) and Drury and McMaster (4). The latter authors found a definite, 
rapid rise in fibrinogen levels in hepatectomized, defibrinated rabbits, which 
was quickly followed by a slower fall to zero. Fibrinogen is present in 
lymph in considerable amount and the two are very probably in rapid 
equilibrium, judging by recent studies on other labeled plasma proteins (8, 
9). It may, in fact, constitute the fibrinogen reserve. The total amount 
of extravascular fibrinogen is not known and so the total daily utilization 
cannot be estimated, but it must be considerably greater than the 15 to 
20 mg. per kilo of body weight estimated from the amount in plasma alone. 

The sites of utilization of fibrinogen in the normal animal have not been 
located, but it has often been suggested that minute leaks in the vascular 
or lymphatic systems are continually developing and being repaired by 
fibrin in the normal organism. Our results are in agreement with this view. 

It is of interest to compare this value for the normal rate of fibrinogen 
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synthesis with that for the maximal rate obtained by reducing the fibrinogen 
level close to zero and measuring the rate at which it returns to normal. 
This experiment was done by Foster and Whipple in dogs (10) and by 
Drury and McMaster in rabbits (4) by removing whole blood and returning 
defibrinated blood. Recently Ratnoff and Conley (11) have found that 
slow injection of a thromboplastin extract of dog brain into dogs will result 
in complete afibrinogenemia without formation of thrombi. In the above 
cases, the return to normal levels was very rapid, and the time for 50 per 
cent recovery may be estimated from the published data as about 2 to 4 
hours for both rabbits and dogs. The changes in lymph fibrinogen during 
these experiments are not known, and it is possible that movement of pre- 

existing fibrinogen into plasma may account, at least partially, for the rapid 
approach to normal levels in plasma. However, since the plasma level 
rises well above normal, in some cases to twice the control value, it is likely 
that hepatic fibrinogen synthesis is greatly stimulated and that this is the 
main factor. 

Reutilization of S**-labeled amino acids appeared to be taking place in 
the die away experiments, as judged by the apparently faster rates of turn- 
over which were obtained when supplemental methionine and cystine were 
fed. Since there is no evidence to indicate that the increased dietary intake 
of these two amino acids would influence the rate of synthesis and destruc- 
tion of fibrinogen, it must be concluded that the faster rates are more 
accurate. 

It would be expected that reutilization would also affect the uptake 
curves and prevent a true plateau from being reached, as was found to be 
the case by Pihl, Bloch, and Anker (12), for the uptake of C when isotopic 
acetate was fed to rats and the specific activity of the acetate pool was fol- 
lowed. The present uptake experiments were not continued sufficiently 
long to permit a decision as to whether a true plateau had been reached, 
but the specific activity appeared to be still increasing slowly after 22 days 
of feeding. It appears, then, that the most satisfactory method for the 
determination of turnover rates is to feed a single dose of labeled precursor 
and follow the decrease of specific activity while preventing reutiliza- 
tion. 

For the determination of turnover rates in general, it has been customary 
to administer a single labeled precursor of known specific activity, often 
with a diet free from the unlabeled form of that precursor. However, the 
calculation of turnover rates does not require knowing either the specific 
activity of the precursor or how many labeled precursors were fed. It is 
necessary only to determine the relative specific activity of the body con- 
stituent in question at various times: (a) during the feeding of a mixture of 
labeled precursors at a constant daily rate and as a constant proportion of 
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a standard daily diet during an uptake period, or (b) following a single dose 
of precursors of high isotope content in the die away technique. 

S**-labeled yeast, either as whole dried cells or as a hydrolysate,’ con- 
taining two major labeled precursors, has been found to be a very convenient 
agent for determining turnover rates of proteins. It is much simpler to 
prepare than synthetic pL-methionine and therefore less expensive; it is 
free from p-methionine and p-cystine, thus eliminating the possibility that 
o forms may be interfering with the utilization of the I forms. The yeast 
used in these experiments was reported to contain all the S* in organic 
form and about 75 per cent was believed to be present as methionine and 
the remainder as cystine.‘ Since methionine is readily convertible into 
cystine in the body, there appears to be no disadvantage in feeding both 
substances in labeled form. 

The assay technique developed in this study is quicker and more con- 
venient than the assay of pure methionine or cystine isolated from hydro- 
lyzed fibrin or of barium sulfate obtained by oxidation of total sulfur. It 
is a valid method for the determination of turnover rates by changes in 
relative specific activity, since a given protein can be assumed always to 
have a constant concentration of methionine and cystine. However, a 
comparison of the specific activities of different proteins would not be an 
accurate measure of their relative turnover rates, since each will contain 
different concentrations of S-containing amino acids. 


SUMMARY 


A rapid method of isolation of fibrin in pure form and of preparation for 
S**-assay has been developed. 

The turnover rate of fibrinogen in the normal, intact animal has been 
determined by following both the increase in S* concentration during a 
period of labeled substrate feeding and the decrease following a large dose. 
Both S**-pi-methionine and S*-labeled yeast were used as substrates, and 
the importance of feeding high levels of inert S-amino acids, while following 
the decrease in S** concentration, was emphasized as a means of decreasing 
reutilization of labeled amino acids. 

In the dog, the average value for 50 per cent turnover was 4.2 days, 
corresponding to a turnover time of 6.0 days. This turnover rate is faster 
than that of any one of the major plasma proteins that have been reported 
but slower than would be expected from studies on hepatectomized and 
defibrinated animals. 

Preliminary results on three human patients indicate an average turnover 


* Both are available from the Division of Radioactive Pharmaceuticals, Abbott 
Laboratories. 
Personal communication from Dr. D. L. Tabern. 
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time of about 8.1 days. The values reported for both man and dog are 
to be regarded as maximal, since reutilization of isotope undoubtedly occurs 
to at least a slight extent and will tend to increase the apparent turn- 
over time. 
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THE INTERACTION OF PROTEINS WITH CONJUGATE 
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Many biochemical systems involve conjugate pairs of molecules or ions, 
and in many cases one or both members of a pair are capable of reversible 
interaction with certain proteins. Such interactions can result in a shift 
in the equilibrium between a conjugate pair if one member is bound more 
strongly than the other. Examples are to be found in the fields of coen- 
zyme-protein interactions (1) and the protein errors of indicators (2). 
Klotz has reported that the absorption spectra of certain indicators change 
when interactions with proteins occur (3), and he has presented quantita- 
tive data for the interaction of the anion of methyl orange with bovine 
albumin (4, 5). However, a systematic formulation of the shift in equi- 
librium between indicator pairs is desirable. 

In the present paper equations are presented for the spectrophotometric 
evaluation of the interaction of proteins with conjugate pairs of molecules 
or ions, and some of these equations are applied in a study of the inter- 
action of the antimalarial' SN-12868 (2-methoxy-6-chloro-9-(1’-methyl- 
8’-diethylaminooctylamino)-acridine) with the proteins of several frac- 
tions of bovine plasma. 

Part I, Theoretical 

The antimalarial compounds, whose interactions with proteins will be 
described in this and a succeeding paper, are derivatives of 9-amino- 
acridine and 4-aminoquinoline and possess aliphatic side chains with 
terminal diethylamino groups. These compounds can accept 2 protons 
in the ordinary range of pH; 1 proton can be attached to the ring nitrogen 
to form a resonating cation and the other can be accepted by the diethyl- 

* The work reported in this paper was aided by grants from the Penrose Fund of 
the American Philosophical Society and from the Permanent Science Fund of the 
American Academy of Arts and Sciences. 

' This is the code number assigned to this compound by the Office of the Survey 


of Antimalarial Drugs (6). SN-12868 is a homologue of quinacrine. 
2 To be published with Frank S. Parker. 
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amino nitrogen (7, 8). These protons dissociate in steps as follows: 


+HB-B’H* 
BB“ *HB-B’ 
B-B’ 


B represents the ring nitrogen and B' the diethylamino nitrogen. Ioni- 
zation exponents for these equilibria have been defined and evaluated 
previously (7, 8). From pH 6 to 9 the species *HB-B’H* and B-B’H+ 
predominate and the species B-B’ and +tHB-B’ are negligible (7, 8). 
Theoretically, either or both of the predominant species could interact 
with proteins, and the various possibilities are best treated as separate 
cases. The general approach employed in the derivations for these cases 
was somewhat similar to that described by Clark et al. (9, 10) in the study 
of the interaction of metalloporphyrins with nitrogenous bases, but the 
details of our derivations have been omitted to save space. The general 
procedure for evaluating each case is based upon the following facts and 
conditions. A region of the spectrum is selected in which both species 
+HB-B’H?* and B-B’H* exhibit absorption of radiant energy and in which 
the protein itself shows little or no absorption. Interaction of one or 
both species with the protein may cause a shift in the absorption spectrum 
of the species, and the absorption spectra of the bound species are 
determined separately in solutions of pH values at which one species pre- 
dominates. Then, in a series of solutions of the acridine (or quinoline) 
derivative of constant total molar concentration (S), the total molar con- 
centration of protein (T) is held constant, and the optical density (D) at 
a fixed wave-length and fixed length of light path is determined as the pH 
is varied at constant ionic strength (T/ 2) and constant temperature. The 
data for pH and D are used to calculate the association constants. 

In some cases a single protein molecule can interact with (or bind“) 
several small molecules or ions, which can be termed ligands. Klotz 
et al. (4, 5) and Scatchard et al. (11, 12) have treated such multiple inter- 
actions for cases in which only one species of the ligand is present in solu- 
tion. The treatment which we are presenting in this paper is confined 
to the interaction of 1 (statistical) molecule or ion of a particular species 
of the ligand with 1 molecule of protein; viz., to the evaluation of k’;, the 
first association constant. In Case 7, the interaction of 1 molecule of the 
protein with 1 molecule of each of two species of the ligand is treated. 
Ultimately it will be desirable to extend the treatment to multiple inter- 
actions, but, at the concentrations of the 4-aminoquinoline and 9-amino- 
acridine antimalarials present in the plasma of patients treated with these 
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drugs, the binding of 1 molecule of a species of the ligand per molecule of 
protein is the only interaction of practical significance. 

Case 1. Complete Absence of Interaction with Protein —If neither of the 
predominant species, +HB-B’H*+ and B-B /H“, interacts with protein, 
then we are concerned with the simple proton equilibrium between these 
species as represented by Process A. 


*HB-B’H* = H* + B-B’H* (A) 

Equation 1 has been presented (7, 8) for this case in which pK’, is the 
D — D 

pH = pK’. + log 5 — 1 (1) 


ionization exponent for Process A, D, is the optical density when the pH 
is such that all molecules are in the form *HB-B’H*, D,. is the optical 
density when all molecules are in the form B-B’H*, and D is the optical 
density at a pH value at which both species are present. The values of 
pK’,, Di, and D: are used in the analysis of the other cases which follow. 
Case 2. Interaction of Protein with Species B-B'H* But Not with Species 
+H B-B’'H+—This case involves Processes A (see Case 1) and B; viz., it 
involves a competition between protons and protein molecules for com- 

bination with species B-B’H*. 
P + = P-B-B’H* (By 


If Process B is reversible, the equlibrium can be evaluated in terms of an 
association constant, k’;, at constant ionic strength, and constant tem- 
perature. 

[P-B-B’H*] 


In Equation 2, and throughout this paper, brackets are used to indicate 
molar concentrations of the species inclosed therein. For example, [P] 
is the molar concentration of free protein at equilibrium. The equations 
for Case 2 are 


k’ (2) 


(D, — D) 
(D — Dz) THP — Ds) 


S((D, — D)(H*) — (D — D;)K",) 
(Di — Ds)(H*) + (D. — Ds)K’. 


in which Di and D: have the significance stated under Case 1 and D is 
the optical density when the acridine is completely in the form of the 


= — (4) 
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species P-B-B’H*; viz., when the pH of the solution is high with respect 
to the value of pK’, and the concentration of protein is sufficiently great 
to cause complete binding of B-B’H+. Equations 3 and 4 permit the 
calculation of k’; from the known values of T, S, K’,, Di, D2, and D, and 
the measured values of pH and D. Alternatively, Equations 3 and 4 can 
be combined to yield a single quadratic equation. 

+ +c = 0 (5) 
The coefficients a, b, and c have the following values. 

a = OD. — D)\(D; — Ds) 


b = XK. D- D)(D; — D.) — D.) 0 — D.) + SK. — — . 
KD D.) D. — Dy) 


= D. — D.) (D — D.) + — D.) (D — D.) + (D D.) D. ,)) 


When the value of S is small or when the strength of interaction of a pro- 
tein with the ligand is weak, the total concentration of protein must be 
relatively high in relation to the concentration of the ligand in order to 
obtain measurable interaction. In this case the free protein concentration, 
Pl, is practically equal to the total protein concentration, 7. This per- 
mits the substitution of 7 for [P] in Equation 3 to yield an approximate 
equation which will be designated as Equation 3, a. This simplifying 
substitution also was used in deriving equations for the remaining cases 
with the exception of Equations 12 and 13 of Case 6. 

Case 3—This case is identical with Case 2, except for the additional 
complication that the active “binding site“ on the protein is assumed to 
undergo a reversible proton exchange of its own in a region of pH which is 
close to the value of pK’,. 

P-H => P + H* (C) 


If the species P can interact with the ligand and the species P-H cannot, 
then a plot of optical density, D, versus pH (for the conditions stated in 
Case 2) would not correspond to the form of theoretical curves drawn 
according to Equation 3, a but would exhibit some degree of “skewing.” 
Although it is important to recognize the possibility of this complication, 
the solution of this complicated case is difficult except for the rare special 
case in which there is only one binding site per molecule of protein. An 
example of this special case is given in the collection of theoretical curves 
presented in Fig. 1, but the presentation of the complete solution of Case 
3 will be deferred until a practical example of this case is encountered. 
Case 4—In this case also it is assumed that the species B-B’H* interacts 
with the protein and that the species *HB-B’H*+ does not. However, 
this case differs from Case 2 in the additional specification that there is 
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assumed to be a group adjacent to the binding site“ of the protein which 
exerts an electrostatic effect in repelling (or attracting, as the case may be) 
the ligand. This specification alone would lead to a formulation identical 
with that of Case 2, since the electrostatic interaction would merely change 
the value of * i from that characteristic of the intrinsic binding strength. 
However, in our Case 4, the additional assumption is made that this neigh- 
boring group undergoes a change in ionization through proton dissociation 
and that this modifies the electrostatic influence of this group upon the 
interaction of the ligand with the binding site of the protein. The proc- 
esses (in addition to Process A) involved in this case, in which HA-P sym- 
bolizes the protein, P represents the binding site, and HA the adjacent 
group, are as follows: 


HA-P = Ht + A-P (D) 
HA-P + B-B’H* = HA-P-B-B’H* (E) 
A-P + B-B’H* = A-P-B-B’H* (F) 


The following equation is applicable to Case 4. 

a(H*)* + b(H*) +¢ = 0 

am (D. — D) 

b = (D, — Dx. 9 (D — D,)K’, — (D — Ds)K'k':T 

= —((D — D;) + (D — 
In Equation 6, k’; and k*, are the association constants for the interaction 
of species B-B’H* with HA-P and A-P, respectively, K“, is the dissociation 
constant for Process D, and the other symbols have the significance pre- 
viously assigned. The derivation of Equation 6 involved the assumption 
that the absorption spectra of species HA-P-B-B’H* and A-P- B-B’H* are 
identical in the range of wave-lengths under study. This is a reasonable 
assumption since group A is separated from the active binding site of the 
protein (and, therefore, from the resonating ligand, B) by means of an ali- 
phatic chain in the protein which would have an insulating effect. 

Under Case 4 it is desirable to consider another process. 
HA-P-B-B’H* = H“ + A-P-B-B’H* (G) 


The equilibrium for this process can be expressed in terms of a dissociation 
constant, K *, as follows: 


(6) 


Ke = THA-P-B-B’H*] 


The constants K, K, k’;, and k*; are related in the following manner. 


k*% K. 


(7) 


(8) 
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If the group HA on the protein is electrically neutral (e.g. phenolic hy- 
droxyl), then A will be negatively charged after dissociation of the proton. 
If the group HA is positively charged (eg. NH“), then A will be elec- 
trically neutral after dissociation of the proton. In either case, 41 > 
* 1 and K*, > K. 

Case 5—In this case also it is assumed that the species B-B’H* inter- 
acts with the protein and that the species *HB-B’H* does not. As in 
Case 4, the present one involves the additional assumption that a group 
(or groups) is located near the protein site of interaction with the ligand 
and that this group exerts an electrostatic effect which modifies the inter- 
action of B-B’H* with the protein. However, Case 5 differs from Case 
4 in that it is assumed that the neighboring group on the protein does not 
undergo proton exchange in the range of pH in which interaction of the 
ligand with the protein is being studied, and, as a consequence, it is as- 
sumed that the electrostatic effect of this group would be constant in this 
range. On the other hand, in Case 5 it is assumed that the dissociation 
of a proton from B-B’H* to yield B-B’ is of importance and that this dis- 
sociation is modified by the electrostatic effect of the neighboring group 
when B-B’H* is attached to the protein. Also, it is assumed that the 
species B-B’, as well as the species B-B’H*, can interact with the protein. 
In Case 5 the following processes are involved in addition to Processes A 
and B. 


B-B’H* = H* + B-B’ (H) 


P-B-B’H* = P-B-B’ + H“ (I) 

P + BB = P-B-B’ (J) 
The following equation applies to Case 5. 
+ b(H*) + ¢ = 0 

a = (D — D) (9) 


b = —(D — D,)K’, — (D — D,)K'&':T 

= —((D — Dy) + (D — D,)k*:T)K'.K’: 
In Equation 9, K: is the acid dissociation constant for Process H (pre- 
viously determined (7, 8)), &“ is the association constant for Process J, 
and the other symbols have the significances assigned in previous cases. 
The equilibrium for Process I is expressed in terms of an acid dissociation 
constant, K*,. The constants are related in the following manner. 


In Case 5, if the adjacent group is negatively charged, then K 1 > k*, and 
K“: > K*. If the adjacent group is positively charged, then k*, > 41 
and > K 


k*, K* 
* 
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Case 6. Interaction of Protein with Species HB-B H“ But Not with 
Species B-B’H*+—This case involves Process A and Process K. 


P + *HB-B’H* = P-HB-B’H* (K) 

At equilibrium, Equation 11 applies to this process 
pr, . H.) 
[P)[+HB-B’H*] 


The following equations provide the exact solution for Case 6. 


(D. — D) + — D) 
(D — Dy) 


S(K’(D — D,) +(H*)(D, — D)) 
KD. — D + (H*)D, — Di) 


In Equations 12 and 13, D, is the optical density when the ligand is com- 
pletely in the form of the species P-HB-B’H*+. When the total concen- 
tration of ligand, S, is small relative to the concentration of protein, then 
PI => T and T can be substituted for [P] in Equation 12 to yield an equa- 
tion (designated as Equation 12, a) which provides a greatly simplified 
solution to Case 6. In the special case in which the species *HB-B’H* 
and P-HB-B’H* have identical absorption spectra, Equation 12, a can 
be replaced by Equation 14. 


pH = pK’, + log 


(11) 


pH = pK’, + log (12) 


IJ = T — (13) 


(D. — D) (KT + 1) 
(D — 


Case 7. Interaction of Protein with Both Species +H B-B'H* and B-B’'H+ 
—This case involves Processes A, B, and K, as presented in the discussion 
of preceding cases. It is assumed that the sites on the protein for inter- 
action with the two species of the ligand are different and that the inter- 
actions are independent and do not involve interference. Under con- 
ditions in which T can be substituted for the concentration of uncombined 
protein with little error (see Cases 2 and 6), the equation for Case 7 is as 
follows: 


(14) 


(Di — D) + k*:T(D, — D) 
(D D) + &,T(D — , 


pH = pK’, + log (15) 


Theoretical curves, which are typical of the various cases and which are 
correspondingly numbered, are presented in Fig. 1. Curve 1 represents 
a typical relationship between the optical density (at a fixed wave-length) 
and the pH for a conjugate pair consisting of a resonating proton donor 
and proton acceptor in the absence of protein. Preferential interaction 
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of a protein with the proton acceptor species of the resonating compound 
(species B-B’H* of our example) causes a shift in the optical density-pH 
curve in the direction of lower pH values (Curve 2, Case 2). For an acid- 
base indicator, such preferential interaction with the proton acceptor 
species would lead to a positive error in the evaluation of the pH of the 
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0.320 F 


pH 


4 1 a 1 4 a 4 A 1 1 1 1 4 
5.5 60 65 7.0 7.5 80 86S 20 95 00 105 
Fic. 1. Theoretical curves for the spectrophotometric evaluation of the interac- 
tion of conjugate pairs of ions or molecules with proteins. The curves are numbered 
to correspond with the numbering of the cases discussed in the text. For all curves 
pK’, = 8.03, Di = 0.386, D. = 0.182, D. = 0.170, T = 2.9 X 10 m. Curve 1, theo- 
retical for Equation 1. Curve 2, theoretical for Equation 3, a; k’; = 2.4 X 10. 
Curve 3, theoretical for Case 3 when the ionization exponent of the group at the 
binding site”’ is assumed to have the value 6.3 and k’; = 2.4 X 10‘. Curves labeled 
4 or 5 correspond to either Case 4 (Equation 6) or Case 5 (Equation 9); curves labeled 
a are for 1 = 6.1 X 10% pK’. (or pK’: for Case 5) = 10.0, k*, = 3 X 105; curves 
labeled b are for k’; = 6.1 X 10% K = 1.4 X 10% pK’, (or pK’: for Case 5) = 10.2. 
Curve 6, theoretical for Equation 12, a; k”; = 1.0 X 10‘, D, = 0.400. Curve 6, a, 
theoretical for Equation 14; k”, = 6.5 Xx 10°. Curve 7, theoretical for Equation 15; 
1 = 1X 10‘, K7 = 1X 10%, D, = 0.400. Curve 7, a, theoretical for Case 7 for the 
special condition in which D, = Di; hk’; = 24 X 10‘, k”, = 6.5 X 10°. 


protein-containing solution; viz., the apparent pH determined would be 
alkaline to the true pH. In Curve 2 there is also a displacement of the 
lower end of the curve, due to the assumption that the absorption spectra 
of the species B-B’H*+ and P-B-B’H* are different. In an actual case 
this displacement theoretically could be in the direction of either higher 
or lower optical densities. Such displacements also would contribute to 
the error involved in determining the pH. 

When the protein preferentially binds the proton donor species (+HB- 
BH“ in our example), there is a shift in the optical density-pH curve in 
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the direction of higher pH values (Curves 6 and 6, a). In Curve 6 there 
is also a displacement in the upper end of the curve, due to the assumption 
that the absorption spectra of the species *HB-B’H*+ and P-HB-B’H+ 
are different, whereas Curve 6, a represents the special condition in which 
the spectra of these compounds are identical. In either case, the magni- 
tude of the shift along the pH axis is a measure of the strength of inter- 
action of the proton donor species with the protein. For an acid-base 
indicator, such preferential binding of the proton donor species by a pro- 
tein would cause a negative error in the evaluation of the pH; viz., the 
apparent pH would be acid to the true pH. 

When both proton donor and proton acceptor species of the resonating 
ligand are bound by a protein, the direction and the magnitude of the shift 
in the optical density-pH curves depend upon the relative strengths of 
interaction of the two species with the protein. If the two species are 
bound to the protein with equal strengths, there would be no shift in the 
curve except for possible displacement of the ends of the curves due to 
changes in absorption spectra resulting from the interactions (Curve 7). 
If the protein binds the proton acceptor species more strongly than it 
binds the proton donor species, the optical density-pH curve will be 
shifted in the direction of lower pH values (Curve 7, a). However, for 
a given value of k’, the shift will be less than it would be for Case 2 in 
which there is no binding of the proton donor species. Thus, the theoret- 
ical curve for Case 2 when ki has the value 6.3 X 10 is practically iden- 
tical with Curve 7, a which is the theoretical curve for Case 7 when k’; 
= 2.4 X 10‘, & “1 = 6.5 X 10, and D. = Di. The fact that curves for 
Case 7 are under some conditions practically identical in shape with curves 
for Case 2 or Case 6 suggests that some caution should be used in inter- 
preting a set of data in terms of the relatively simple Case 2 or 6, unless 
the more complicated Case 7 has been eliminated as a possibility. This 
can be accomplished by applying the equilibrium-dialysis method for 
determining the total binding of both species and also by using the spec- 
trophotometric method at extremes of pH at which only one species of the 
ligand exists. 

Cases 2, 6, and 7 involve the assumption that the equilibrium constants 
1 and k’’; remain constant over a wide range of pH when the tempera- 
ture and ionic strength are invariant. Cases 3, 4, and 5 are concerned 
with situations in which the interactions of ligand with protein are com- 
plicated by other acid-base changes which occur in the range of pH in 
which the interactions are being studied. Typical examples of such effects 
are illustrated by Curves 3, 4, a, 4, b, 5, a, and 5, b (Fig. 1). Each of these 
curves is characterized by skewing or deviation from the symmetrical 
sigmoidal shapes which are exhibited by the curves for the simple cases. 
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While such complications can be recognized in this manner, it is anticipated 
that it may not be possible always to account for such deviations readily. 


Part II, Experimental 

The plasma proteins used in this work were various bovine plasma frac- 
tions obtained from Armour and Company,’ prepared by the methods of 
Cohn et al. (13, 14). These fractions are designated by the numbers 
assigned to them by Cohn et al. The bovine plasma albumin was a crys- 
talline product obtained from Armour and Company. A value of 69,000 
was adopted for the molecular weight of this protein (15). The data were 
corrected for the moisture content of the proteins. The sample of SN- 
12868 was obtained from Dr. Charles R. Hauser of Duke University. 

Spectrophotometry was performed with a Beckman photoelectric quartz 
spectrophotometer, model DU, the cuvette compartment of which was 
equipped with plates through which water was circulated from a thermo- 
stat to maintain the solutions at 30° + 0.5°. All measurements were 
made with 1 cm. fused silica absorption cells. The nominal spectral interval 
isolated was maintained at 2 my with the use of dispersion data furnished 
with the instrument. Blank solutions were identical with the correspond- 
ing test solutions except for the omission of SN-12868. Absorption data 
in Fig. 3 are reported as molar absorption coefficients, e, which are defined 
by the equation, — log T = D = ecl, in which T is the transmittancy, D 
is the optical density, c is the concentration of SN-12868 in moles per 
liter, and / is the length (em.) of the light path through the solution. 

The solutions were buffered with phosphate or borate buffers of 0.08 
concentration. In the limited range of pH in which phosphate and borate 
buffers overlap, no specific effects of the buffer ions upon the binding of 
SN-12868 to the proteins were observed. The pH of each solution was 
determined (at 30°) with a glass electrode and electronic potentiometer, 
the design and standardization of which have been described previously 
(8). The ionic strength of the solutions was adjusted to the desired con- 
stant value by the addition of the calculated amount of sodium chloride. 
The contribution of the protein to the ionic strength was neglected. The 
majority of the measurements were made at a relatively large value of 
ionic strength for two reasons: (1) in order to minimize the uncertainty 
of the contribution of the protein to the total ionic strength of the solution, 
and (2) because the change in pK’, of SN-12868 with ionic strength is less 
at high values of ionic strength (Fig. 2). 

The experimental technique employed for the evaluation of the binding 
of SN-12868 to the proteins by the equilibrium-dialysis method was similar 

* We wish to thank Armour and Company and Dr. Lawrence L. Lachat for gener- 
ous gifts of bovine plasma protein Fractions III-1 and II. 
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to that described by Klotz et al. (4). However, in the formulation of the 
equilibria for the present case it was necessary to consider the compli- 
cating factor of the existence of the two ionic species of SN-12868, *HB- 
B/H“ and B-B’H*. Corrections for the unequal distribution of these 
ions due to the Donnan effect were based upon determinations of the pH 
of the solutions inside and outside the cellophane bag at equilibrium. Al- 
lowance for the Donnan effect is included in the following equations which 
are applicable to Case 2. 


TABLE I 
Data from Typical Determination of Binding of SN-12868 to Bovine Albumin by 
Equilibrium-Dialysis Method 
Ionic strength = 1.1; temperature = 30°; pK’, = 8.35. 


Experiment tube Control tube 
in ͤ 10.5 10.0 
˙ 19.5 20.0 
» 4.27 X 10 6. 24 X 10-5 
Amount of SN-12868 adsorbed on glass and 
D Assumed to be 1.3 X 10 
same as control 
1.87 X 10 
k’, = 2.14 X 10% log 'i = 4.33 
[P. 
* 1 = (16) 
R Ve (H-): + K’(H*) 
S. K (H“). 
+ = 
[B-B’H*); + K. (18) 
[P = 7; — (P-B-B’H*), (19) 


In these equations N is the total amount, in mu, of SN-12868 in the inside 
and outside solutions after subtracting the amount adsorbed on the glass 
walls and on the cellophane membrane (determined by a control experi- 
ment in which protein was omitted), T. is the total molar concentration 
of protein in the solution inside the cellophane bag, S, is the molar con- 
centration of SN-12868 in the outside solution as determined after equi- 
librium is established, V; and V, are the volumes in ml. of inside and out- 
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side solutions at equilibrium, and (H“), and (H“), are the proton activities 
of inside and outside solutions at equilibrium. The concentration of SN- 
12868 in the outside solution at equilibrium was determined spectrophoto- 
metrically after adjusting the pH of the sample removed for analysis to a 
value below 5 in order that the SN-12868 would be solely in the form of 
the species *HB-B’H*. Data for a typical experiment are presented in 
Table I for the case of interaction of SN-12868 with bovine albumin at 
pH 7.8 and ionic strength 1.1. Similar experiments at this ionic strength 
were carried out in duplicate at pH values of 7.0, 7.4, 8.2, and 8.6. 


For the purposes of the present investigation, it was necessary to know 
the relationship between pK’, and ionic strength for SN-12868. The 
experimental values of pK’, at 30°, determined by methods previously 
described (7, 8), are presented in Fig. 2 for the range of ionic strength 
from 0.005 to 1.58. The apparent ionization exponent, pK’,, is related 
to the true thermodynamic exponent, pK,, by the following equation 


pK’, = pK. + log 4 (20) 


in which fi and : are the activity coefficients of the species *HB-B’H*+ 
and B-B’H*, respectively. The activity coefficients are evaluated as a 
function of the ionic strength (I'/2) by means of the limiting law of Debye 
and Hiickel (16). For the species *HB-B’H*+ and B-B’H* which have 
charges of 2 and 1, respectively, the expression of this law for dilute solu- 
tions is 
14 
. 


The experimental values of pK“, in Fig. 2 agree rather well with the theo- 
retical line drawn according to Equation 21 for a value of 7.71 for pK. 

In Fig. 3 are presented the spectrophotometric absorption curves for 
SN-12868 at various values of pH and in the presence and absence of 
proteins. Curve 1 represents the spectrophotometric absorption due to 
the species *+HB-B’H* in aqueous solutions from pH 1 to 5. In the pres- 
ence of albumin, or the proteins of Fractions III-1 or II, no shift in the 
curve for this species occurs. This suggests that this species does not inter- 
act with these proteins. Curve 2 corresponds to absorption by the ionic 
species‘ B-B H“ at pH 10. Curve 3 is a record of the absorption of SN- 


At pH 10 the species B-B’H* predominates, but an appreciable fraction of the 
SN-12868 exists as the species B-B’. These species are spectroscopically indistin- 
guishable in the range of the spectrum in which our measurements were conducted. 
We have evidence that both species can interact with albumin. However, the 
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12868 at pH 10 in the presence of an excess of bovine albumin such that 
further addition of albumin causes no further shift in the absorption spec- 
trum. This shift in absorption suggests interaction between the species 
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Fic. 2. Relationship between pK’, for SN-12868 and the ionic strength. The 
curved line is the theoretical one for Equation 21 with a value of 7.71 for pK. O, 
experimental values for pK. 


measurements summarized in Fig. 4 were conducted in the pH range (6 to 9.2) in 
which the species B-B’ was negligible, and k’, refers to the interaction of B-B’H* 
with the protein. 
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B-B’H?* and albumin, and the absorption spectrum is assumed to be that 
of the species P-B-B’H*+. A similar shift occurs when the proteins of 
Fraction III-I are present (Curve 4), but the curve differs somewhat from 
that obtained with albumin. At intermediate values of pH (7 to 9) both 
species *HB-B’H* and B-B’H* are present, and the absorption curves in 
the absence of proteins correspond to those which would be expected of 
such mixtures (8). In this intermediate range of pH when the proteins 
are present, there is always a shift of the absorption curve in the direction 


320 340 360 380 400 420 440 460 480 


Fic. 3. Spectrophotometric absorption curves for SN-12868 under the following 
conditions: Curve 1 is for pH 1 (remains unchanged to pH 5), Curve 2 is for pH 10 
in the absence of protein, Curve 3 is for pH 10 in the presence of bovine plasma 
albumin (6 X 10~* mu), Curve 4 is for pH 10 in the presence of the proteins of Fraction 
IIII (2 gm. per 100 ml.). 


of the absorption characteristic of the species P-B-B’H*. These inter- 
mediate curves are not shown in Fig. 3. 

Spectrophotometric data for the interaction of SN-12868 with bovine 
albumin at two concentrations of the protein are presented in Fig. 4. 
The interaction appears to be in the category of Case 2, inasmuch as theo- 
retical curves drawn according to Equation 3 conform well to the data 
for the entire pH range examined. At the higher concentration of protein, 
the agreement is good even when T is substituted for [P] in Equation 3 
(Equation 3, a), but, at the smaller concentration of protein, the theoretical 
curve conforms more closely to the data when [P] is calculated from Equa- 
tion 4 for use in Equation 3. Similar results were obtained for the inter- 
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action of SN-12868 with the proteins of bovine plasma Fractions III-1 
(Table II) and II at ionic strength 1.1. The data from the equilibrium- 
dialysis experiments also were formulated according to several possible 
types of interaction, and they were found to conform best to Equations 
16 to 19 which are based on the interaction of the protein with species 


5.5 60 65 7.0 7.5 80 85 9.0 95 00 


Fic. 4. Spectrophotometric data for the competitive interaction of species B-B’H* 
of SN-12868 with protons and with bovine albumin ationic strength I. I. o, experi- 
mental values of optical density, D, at wave-length 445 my versus pH for SN-12868 
(4.0 Xx 10-* m) in the absence of protein. experimental values of D at 445 ma 
versus pH for SN -12868 (4.0 Xx 10~* in the presence of 1.45 X 10 bovine albumin. 
O, the same, with2.9 Xx 10 albumin. Curve 3 is the theoretical curve for Equation 
I when pK’, = 8.35, D. = 0.386, and D. = 0.182. Curve 2 is the theoretical for Equa- 
tion 3, a when pK’, = 8.35, K“ = 2.51 Xx 10% D. = 0.386, D. = 0.182, D, = 0.170, 7 
= 145 Xx 10M, and S = 4.0 Xx 10 *. Curve 2 is the theoretical for the combined 
Equations 3 and 4, with the values of the constants identical with those stated for 
Curve 2. Curve | is the theoretical for Equation 3, a, with T = 2.9 X 10~* m and the 
values of the other constants identical with those for Curve 2. 


B-B’H* and not with species *HB-B’H*. The values of k’, by this method 
were practically constant throughout the range from pH 7 to 8.6. 

The fact that the interaction involved the species B-B’H* rather than 
+HB-B’H+* is particularly interesting, inasmuch as the proteins possessed 
a net negative charge in the pH range examined, and for this reason it 
was anticipated that the doubly charged cationic species might be more 
strongly bound. However, it is pertinent to recall that Klotz et al. (4) 
and Scatchard et al. (12) have demonstrated that certain anions are bound 
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to albumin, even when the latter possesses a net negative charge. Evi- 
dently, the over-all net charge on a protein is not always the predominant 
factor in the interaction of small ions with proteins. In the cases which 
we are reporting it seems possible that the bond between B-B’H* and the 
protein may involve van der Waals’ forces or hydrogen bonding (possibly 
through the ring nitrogen of SN-12868) or both. In contrast to the case 
with plasma proteins, it is interesting to note that nucleic acids interact 
exclusively with species *+HB-B’H* of SN-12868 (17). 

Fraction ITI-1 consists of a mixture of proteins; therefore, the interaction 
with SN-12868 cannot be formulated on a molecular basis. However, 
when expressed in terms of an arbitrary unit weight of 69,000 for compari- 


II 
Data for Interaction of SN-12868 with Proteins of Fraction III-1 of Bovine Plasma 
The conditions were as follows: S = 4.0 X 10-* Mu; total concentration of protein 
= 2.0 gm. per 100 ml. (T = 2.9 Xx 10 on the basis of a unit weight of 69,000 which 
was used arbitrarily in order to facilitate comparison with albumin); ionic strength 
= 1.1; pK’, = 8.35; temperature = 30°; for wave-length 445 my, D. = 0.386, D. 
0.182, D. = 0.111. 


pH D (445 mp) X 10% log 
6.79 0.354 1.40 4.15 
7.23 0.312 1,45 4.16 
7.56 0.272 1.31 4.12 
7.78 0.233 1.46 4.16 
8.06 0.198 1.39 4.14 
8.37 0.172 1.21 4.08 
8.52 0.156 1.39 4.14 


son with albumin, the strengths of the interactions are of the same order 
of magnitude, the interaction with albumin being about 1.6 times the 
strength of interaction with the mixed proteins of Fraction III-1 (Tables 
II and III). It will be desirable eventually to determine whether the 
interaction of SN-12868 with Fraction III-1 involves one or several pro- 
teins. The interaction with the proteins of Fraction II is much weaker 
(Table III). Other investigators (18, 19) have reported that the proteins 
of Fraction II exhibit little tendency to interact with small molecules or 
ions. Davis (19) has pointed out that this fact is a fortunate one from 
the standpoint of the réle of some of these proteins as antibodies. 

The binding of SN-12868 by plasma proteins is of such magnitude that 
it should modify considerably the distribution of this compound across 
various membranes such as those of the erythrocyte and the malaria 
parasite. Inasmuch as the binding involves the species B-B’H*, the pro- 
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tein-bound fraction of the total SN-12868 in the plasma would increase 
as the pH is raised. 

The compound SN-12868 possesses some of the characteristics of an 
acid-base indicator, and the effect of albumin in shifting the ionization 
equilibrium of this acridine derivative is shown in Fig. 4. Quantitative 
data of the type presented in this paper would permit accurate correction 
of protein errors in evaluating pH with indicators if the identity and 
concentration of the protein in the solution were known. 

In studies of the inhibition of various enzymes by 9-aminoacridine de- 
rivatives (20-23) there appears to have been little or no consideration of 
the existence of two ionic species of these compounds in some regions of 
pH and of the possibility that one species might interact with the enzymatic 
protein more strongly than the other. In view of the present demonstra- 

III 
Association Exponents for Interaction of Various Proteins of Bovine Plasma with 
Species B-B’H* of SN-12868 
Temperature = 30°; ionic strength = 1.1; pH range 6.5 to 8.6. 


log 
Protein 
—— | Dialysis method 
4.147 4.17“ 


* Based upon an arbitrary unit weight of 69,000 for comparison with albumin. 


tion of such preferential interaction with plasma proteins, a reevaluation 
of the inhibition of enzymes by 9-aminoacridine derivatives might be 
desirable. 


The interaction of a protein with one or both members of a conjugate 
pair of molecules or ions which are linked through an acid-base equilibrium 
can cause a shift in the position of the equilibrium. Equations are pre- 
sented which permit the quantitative evaluation of such interactions by 
spectrophotometric methods. Equations are derived also for certain com- 
plicated cases in which a second group on the ligand, or an adjacent elec- 
trostatically active group, undergoes an acid-base reaction which modifies 
the interaction of the ligand with the protein. The equations are applied 
in a study of the interaction of the antimalarial compound, 2-methoxy-6- 
(SN-12868), with 
various bovine plasma proteins. Albumin and the proteins of Fraction 
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III-1 interact strongly and reversibly with the singly charged cationic 
species but not with the doubly charged cationic species of this compound. 
The proteins of Fraction II interact weakly with the singly charged species. 
These interactions are discussed from the standpoint of their effect on the 
distribution of the acridine derivative among the body fluids and in rela- 
tion to their illustration of general principles involved in coenzyme-protein 
interactions and in the protein error of indicators. 
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INCORPORATION IN VITRO OF LABELED AMINO ACIDS 
INTO PROTEINS OF RABBIT RETICULOCYTES* 


By HENRY BORSOOK, CLARA L. DEASY, A. J. HAAGEN-SMIT, 
GEOFFREY KEIGHLEY, ann PETER H. LOWY 
(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 
(Received for publication, November 13, 1951) 

Continuing our work on the incorporation of labeled amino acids into 
proteins (1), we have begun a study of the incorporation in vitro of C™- 
labeled glycine, I-histidine, L-leucine, and L-lysine into the proteins of rab- 
bit reticulocytes. In preliminary experiments the incorporation into the 
hemoglobin isolated from the reticulocytes was determined. But, after it 
was found that plasma contains factors accelerating amino acid incorpora- 
tion, it was decided to proceed as rapidly as possible toward the identifica- 
tion of these factors; we have, therefore, measured incorporation into the 
total proteins of the reticulocytes, since isolation of the hemoglobin was 
time-consuming. The results obtained with hemoglobin and with the total 
proteins are essentially the same, indicating that the other proteins of the 
reticulocytes incorporate amino acids at approximately the same rate as 
hemoglobin. 

Production of Reticulocytosis—Reticulocytosis was produced in adult rab- 
bits by a modification of the method of London et al. (2). I ml. of a neu- 
tralized 2.5 per cent aqueous solution of phenylhydrazine hydrochloride 
was injected subcutaneously each day for a week; over 90 per cent of the 
circulating red cells were then reticulocytes. In some cases 0.05 mg. of 
folic acid and 0.05 y of vitamin Bi: were injected daily, in addition to the 
phenylhydrazine.' 

Labeled Amino Acids The radioactive amino acids were labeled with C 

* These studies were aided by a contract between the Office of Naval Research, 
United States Navy Department, and the California Institute of Technology, Divi- 
sion of Biology (NR-164-304). It was also supported (in part) by a research grant 
from the National Institutes of Health, United States Public Health Service, and by 
a grant from the American Cancer Society. The C. used in this investigation was 
supplied by the Carbide and Carbon Chemicals Corporation, Oak Ridge, Tennessee, 
and obtained on allocation from the United States Atomic Energy Commission. 

A preliminary report of this work was given at the meeting of the Federation of 
American Societies for Experimental Biology, April 29 to May 3, 1951 (Federation 
Proc., 10, 18 (1951)). 

The folic acid was obtained from the Nutritional Biochemicals Corporation and 
the vitamin B. from Chas. Pfizer and Company, Inc. 
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in the carboxyl group. Glycine was synthesized by the method of Sakami 
et al. (3); syntheses of L-leucine and L-lysine were described previously (I). 


CH,(NH;)COOH — C,H,CONHCH,COOH 
(Glycine) _ (Hippuric acid) 


(2-Phenyl-4- (1-acetylimidazole-4 (or 5) -methylidene) oxazolone) 


N 
C,H;—C—NH—C==CH—C CH 


Goon © 


(a-Benzoylamino-f-imidazole-4 (or 5) -acrylic acid) 


| 
0 


N 
oon CH——NH oon CH——NH 
(Benzoyl-pi-histidine) DL-Histidine 


Carboxyl-C"-histidine had been prepared by Bouthillier and D'Iorio (4), 
but the yield, on the basis of NaC"N used, was only 6 per cent. A new 
synthesis giving a 20 per cent yield was therefore developed. 

Hippuric Acid To 2.11 gm. of glycine-carboxyl-C" dissolved in 22 ml. 
of 10 per cent sodium hydroxide, a mixture of 9.65 ml. of benzoyl chloride 
and 45 ml. of 10 per cent sodium hydroxide was added gradually with stir- 
ring. Stirring was continued until all the benzoyl chloride was destroyed. 
Acidification precipitated hippuric acid, which was purified by repeated 
extraction with boiling ligroin. Yield, 4.96 gm. (98.5 per cent theory); 
m. p. 183-185 (uncorrected). 

2-Phenyl-4-(1-acetylimidazole-4(or 5)-methylidene)oxazolone—4.96 gm. 
of hippuric acid were treated with 3.10 gm. of imidazoleformaldehyde (5-7) 
and with 3.10 gm. of sodium acetate in 12 ml. of acetic anhydride. Yield, 
5.74 gm. (74 per cent theory). 
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a-Benzoylamino-B-imidazole-4(or 5)-acrylic Acid—11.95 gm. of oxazolone 
were boiled with sodium carbonate (5). Yield of hydrated acid, 9.81 gm. 
(84 per cent theory). 

Benzoyl-pu-histidine—To 1.50 gm. of a-benzoylamino-§-imidazole-4(or 
5)-acrylic acid suspended in 15 ml. of water 20 gm. of 2.15 per cent sodium 
amalgam were added gradually. The aqueous solution, separated from the 
mercury, was acidified to pH 5.2. The precipitate was filtered and washed 
with water; additional crystals were obtained from the concentrated mother 
liquors. Yield, 51 per cent theory; m. p. 238-2397 (uncorrected). 

pi-Histidine Hydrochloride—1.95 gm. of benzoyl-p1-histidine were re- 
fluxed for 4 hours with 100 ml. of 20 per cent hydrochloric acid. The 
aqueous phase was dried in vacuo, after the benzoic acid was removed by 
repeated ether extraction. 

pi-Histidine—The free base was obtained either by treatment of the 
hydrochloride with silver carbonate in the usual way or by electrodialysis. 
The latter method gives a purer product and a greater yield. 170 mg. of 
hydrochloride dissolved in 100 ml. of water were placed in a glass cell, in 
which were suspended two cellophane bags 2.5 cm. wide, each containing 
a platinum wire mesh electrode and distilled water to the level of the sur- 
rounding solution. The electrodes were in series with a 30 watt, 115 volt 
lamp and connected to a 120 volt direct current. The solution was stirred 
occasionally with a glass rod; every 30 minutes the electrodialysis was in- 
terrupted and the catholyte and anolyte were removed by pipette and re- 
placed by distilled water. After 4 hours the combined catholytes were 
evaporated to dryness in vaeuo. Yield, 97 per cent theory. 

Calculated, N 27.09; found, N 27.05 

L-Histidine—821 mg. of pt-histidine dissolved in 3.75 ml. of water were 
heated to a clear solution with 800 mg. of t-tartaric acid, prepared by rac- 
emization of pi-tartaric acid (8) and resolution with cinchonine (9, 10). 
A precipitate was obtained from the cooled solution on standing, after seed- 
ing with a crystal of L- histidine-I-tartrate. Yield, 671 mg. (83 per cent 
theory); —12.2°. | 

Calculated, C 39.34, H 4.96, N 13.77; found, C 39.48, H 5.17, N 13.67 


The free base was prepared from the tartrate by the electrodialysis pro- 
cedure previously described. 
EXPERIMENTAL 


Procedure—The reaction mixtures were incubated in 20 ml. beakers at 
37.5° with rocking in the Dubnoff apparatus (11) under 95 per cent oxygen 


* Microanalyses by Glenn A. Swinehart. 
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and 5 per cent carbon dioxide; in a few anaerobic experiments a mixture of 
95 per cent nitrogen and 5 per cent carbon dioxide was used. A few experi- 
ments incubated at 36° and at 40° gave incorporations 90 per cent and 120 
per cent, respectively, of that at 37.5°. 

The total volume in each reaction beaker was 4 ml., of which 3.5 ml. 
were the usual Krebs-Henseleit solution (12), plasma, or extracts, with 
additions as indicated, and 0.5 ml. was washed cells. The cells were sepa- 
rated from the plasma of the heparinized blood, obtained by heart puncture 
or from the ear of the anemic rabbits, by centrifugation in a refrigerated 
centrifuge. The cells were then washed twice with 8 volumes of a Krebs- 
Henseleit solution which contained no sodium bicarbonate and was 1.1 
times as strong in the other salts as the usual Krebs-Henseleit solution. 

Each beaker contained 0.6 mg. of heparin sodium.“ The concentration 
of each labeled amino acid was 0.001 m; the specific activity of the glycine 
was either 15,500 or 31,000 c.p.m. per mg., and of the other amino acids, 
15,500. The addition of other substances to the reaction mixture is indi- 
cated in the tables. 

The incubation time was 2 hours unless otherwise stated. All glassware 
and solutions (except plasma) were sterilized in the autoclave. The incor- 
poration of the labeled amino acids was unaffected by penicillin G in con- 
centrations of 10, 100, and 1000 units per ml. 

At the end of the incubation the contents of each beaker were added to 
80 ml. of water and the reticulocyte protein precipitated with 20 ml. of 35 
per cent trichloroacetic acid. If the beaker contained plasma, however, the 
cells were separated by centrifugation and washed twice with saline to re- 
move plasma proteins, preliminary to the trichloroacetic acid precipitation. 
On the next day the precipitate was washed by centrifugation ten times 
with 7 per cent trichloroacetic acid, once with a mixture of equal volumes 
of acetone and ether, twice with acetone, and finally twice with ether. The 
washing with acetone and ether removes most of the pigment and gives a 
product which is easy to grind and spread. The proteins were dried at 55° 
and counted as previously described (13). 


Results 


Table I is a summary of the data from consecutive experiments over a 
number of months on the incorporation of labeled amino acids by reticulo- 
cyte proteins of cells incubated either in saline or in plasma. The incor- 
poration in saline is of the same order of magnitude as that observed pre- 
viously with glycine, leucine, and lysine in rabbit bone marrow cells (15). 
The amounts of incorporation in plasma were 2 to 3 times greater than in 


Heparin sodium obtained from Ben Venue Laboratories, Inc., Bedford, Ohio. 
Its potency was 110 units per mg. 
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saline; values of ¢ and P show that the differences are statistically highly 
significant. 

Since plasma contains amino acids, the specific activities of the labeled 
amino acids added for the incubation were decreased below their original 
values, and the amounts of incorporation in plasma were, therefore, actu- 
ally higher than the uncorrected values given in Table I. To correct the 
plasma values was impracticable, however, since it would have involved 
amino acid determinations on the plasma used in every experiment. Some 
idea of the order of magnitude of the error can be derived from Table II, 
in which amino acid concentrations in the pooled plasma of four anemic 


TABLE I 


Incorporation of Labeled Amino Acids into Proteins of Rabbit — 


The mean values are given. 


Labeled amino acid Glycine® Histidine I-Leucine“ 1-Leucinet t-Lysine* 
In saline, ua per gm. protein per 0.78 1.08 0.70 1.08 0.99 
hr. 40.14 40.16 40.16 40.46 40.19 
In plasma, uw per gm. protein per 1.29 1.75 2.00 3.11 2.51 
hr. +0.32 40.29 40.34 | 41.40 40.82 
Plasma less saline, ua per gm. pro- 0.50 0.67 1.30 2.03 1.52 
tein per hr. 40.25 40.36 40.42 41.06 40.74 
plasma 1.64 1.62 2.85 2.87 2.55 
5 40.28 40.38 | 40.91 40.80 40.92 
No. of comparisons 16 16 26 76 15 
t for plasma less saline (14) 8.0 7.5 15.7 16.7 7.9 
P <0.001 | <0.001 | <0.001 | <0.001 | <0.001 


* Phenylhydrazine only. 

t Phenylhydrazine, with folic acid and vitamin Bis, used to produce reticulocy- 
tosis. 
rabbits are given. It should be emphasized that the values in Table II are 
not necessarily representative or average values; many more analyses will 
be needed on individual animals to determine the variation. Addition of 
the labeled amino acids to this particular plasma would approximately 
halve the specific activity of the glycine, but would leave practically un- 
changed the specific activities of the histidine, leucine, and lysine. 

The injection of folic acid and vitamin Bis with phenylhydrazine did not 
affect the rate of appearance of the reticulocytosis, but the amount of leu- 
cine incorporated tended to be somewhat higher in both plasma and saline 
(Table I). However, the ratio of plasma to saline was the same as when 
phenylhydrazine only was injected. 

Plasma does not lose its accelerating effect after at least several weeks 
in the deep freeze. When the reticulocytes were hemolyzed by freezing 
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and thawing, there was no incorporation of leucine either in saline or 


Table III shows the effect of incubation in plasma of different animals 
or in their non-protein filtrates on incorporation of labeled amino acids into 
rabbit reticulocyte proteins. The amount incorporated was always greater 
in plasma than in saline, except in the case of beef plasma, which aggluti- 
nated the cells. It is interesting that neither agglutination nor inhibition 
was observed in calf plasma. The non-protein filtrates referred to in Table 
III were prepared from plasma by boiling the plasma at pH 5.5, filtering, 

TAL II 
Amino Acids in Pooled Plasma of Anemic Rabbits 


Amino acid = Amino acid = 
mg. per cont mg. per cent 

Alanine 2.0 Lysine 0.8 
Arginine 0.5 Methionine 0.5 
Aspartic acid 1.1 Phenylalanine 1.3 
Cystine 1.3 Proline 1.8 
Glutamic acid 3.3 Serine 1.2 
Glycine 5.4 Threonine 1.8 
Histidine 0.6 Tyrosine <0.1 
Isoleucine <0.1 Valine 0.8 
Leucine 0.4 Ammonia (as NH.) 0.2 


The non-protein filtrate, obtained by boiling the pooled plasma at pH 5.5, was 
chromatographed on Dowex 50 according to the method of Stein and Moore (16). 
The amino acids were measured with the ninhydrin reagent against leucine stand- 
ards, the color was read at 570 my, and the chromogenic values of the different amino 
acids given by Moore and Stein (17) were used in computing the results. The 
yellow color given by proline with the ninhydrin reagent was measured at 440 my 
against proline standards. 
and adjusting the filtrate to pH 8.4. Practically all the accelerating activ- 
ity of the plasma was present in the non-protein filtrate. The non-protein 
filtrate of beef plasma was as active as those from plasmas accelerating 
incorporation. 

Plasma which had been ashed and then made up to its original volume 
with water did not accelerate the incorporation of leucine. Removal of 
calcium, magnesium, or phosphate, or replacement of all the potassium by 
sodium in the Krebs-Henseleit incubating solution, had no effect; there was 
also no effect on addition of glucose or pyruvate to the saline solution or to 
the saline solution lacking calcium, magnesium, or phosphate. There is, 

4 then, no evidence for ascribing the accelerating effect of plasma to its min- 
eral content. I 
The effect of dilution of plasma on incorporation into the proteins of 
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washed cell preparations of high, intermediate, and low activities is shown 
in Table IV. In all three preparations the incorporation was greater at 
Taste III 
Effect of Plasma and of Non-Protein Filtrate of Plasma on Incorporation of Labeled 
Amino Acids into Proteins of Rabbit Reticulocytes 
The results are expressed as per cent of value in saline. 


Labeled amino acid Incubation solution L dy 
L-Leucine Saline 100 
Anemic adult rabbit plasma 259 
‘* non-protein filtrate 212 
Calf plasma 
„% non-protein filtrate 199 
Beef plasma 45 
„% non-protein filtrate 205 
Horse plasma 216 
non-protein filtrate 172 
Normal adult rabbit plasma 300 
249 
Rat plasma 225 
Sheep plasma 178 
Human 255 
L-Histidine Anemic adult rabbit plasma 161 
„non: protein filtrate 145 
L-Lysine * „plasma 230 
„non: protein filtrate 205 
Taste IV 
Effect of Concentration of Plasma on Incorporation of Labeled Leucine into Rabbit 
Reticulocyte Proteins 
Rates in am per gm. protein per hr. 
2 
Ve 4.0 1. K. 
mi. 

0 0 1.97 1.19 0.66 1.65 1.80 
0.3 0.075 1.76 0.88 2.00 

0.8 0.20 5.08 2.60 1.28 1.95 2.038 
1.7 0.42 6.64 3.54 1.51 1.87 2.34 
2.5 0.62 8.84 4.05 1.81 2.18 2.25 
3 0.82 10.01 4.53 1.90 2.20 2.38 


higher plasma concentrations. The relative activities of the preparations 
persisted at all dilutions. 
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above the usual 0.5 ml. are given in Table V. Although the total amount 
of leucine incorporated was greater with the increased number of cells, 
the amount of incorporation per gm. of protein was essentially constant. 
Other experiments were carried out to test the effect of washing on the cells. 
The incorporation was the same with whole blood as with corresponding 


TaBLe V 
Effect of Concentration of Reticulocytes on Incorporation of Labeled Leucine 


au per gm. protein per hr. 
Cell suspension Saline 
Experiment 1 Experiment 2 
mi. ml 
2.8 1.2 1.23 1.07 
1.9 2.1 1.00 1.20 
1.2 2.8 1.25 1.22 
0.7 3.3 1.39 1.16 
Taste VI 


Falling Off with Time of Incorporation of Labeled Leucine in Plasma and in Saline 
The results are expressed as micromoles per gm. of protein. 


Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Time 200 mg. + 
Saline 1 Saline — — Plasma Plasma ait 
— — in saline — in plasma 
hrs. 
0 0 0 0 0 0.13 0.12 0.14 0.14 
1 1.56 1.56 0.70 0.73 3.82 4.44 3.53 3.54 
2 2.28 2.49 1.12 1.12 6.48 6.08 4.13 4.36 
3 3.19 3.28 1.43 1.50 6.83 7.04 5.11 4.58 
4 3.76 3.74 1.79 1.91 7.91 7.89 4.71 5.31 


amounts of washed cells and plasma. Cells washed one, two, three, or four 
times gave the same incorporation, both in saline and in plasma. 

The rate of incorporation of leucine, both in saline and in plasma, de- 
creased progressively during a 4 hour incubation (Table VI). Addition of 
glucose or succinate did not affect either the absolute rate ‘or the rate of 
decrease. 

The amount of incorporation of leucine in a red blood cell preparation 
increased with increased reticulocytosis (Table VII). In a more detailed 
study Holloway and Ripley‘ found that the degree of incorporation and 


In this laboratory; see the accompanying paper. 
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the concentrations of ribose nucleic and desoxyribose nucleic acids in the 
cells were all proportional to the extent of reticulocytosis. 

A summary of the effects of various inhibitors on the incorporation of 
glycine, histidine, leucine, and lysine, both in plasma and in saline, is given 
in Table VIII. The effect of anaerobiosis on the incorporation of any one 
amino acid was extremely variable. With some preparations there was no 
inhibition; with others, a marked inhibition. Other inhibitors gave more 
consistent results. The values in Table VIII for each inhibitor are aver- 
ages of six to ten experiments. There were no striking differences among 


Tasie VII 
Effect of Degree of Reticulocytosis on Incorporation of Labeled Leucine into Proteins of 
Rabbit Reticulocytes 
The results are expressed as micromoles per gm. of protein per hour; reticulo- 
cytes in per cent red blood cells. 


lied No. of days of phenylhydrazine injection 
No. 
0 3 6 7 10 
1 Reticulocytes 0.1 4.7 67 90 
Leucine incorporated in plasma 0.07 | 0.62 4.10 3.80 
* ‘* saline 0.07 | 0.36 1.87 | 2.49 
2 W 0.1 9.3 77 90 
Leucine incorporated in plasma 0.02 2.35 4.77 | 5.19 
1 „ saline 0.07 1.05 2.63 2.77 
3 0.1 20 81 
Loveine incorporated in plasma 0.05 2.01 | 7.75 
saline 0.03 0.86 2.89 
4 . 0.1 | 22 82 
Leucine incorporated in plasma 0.04 2.34 6.23 
„ saline 0.02 0.91 | 2.60 


the amino acids in the effects of the inhibitors. From the inhibitor picture 
as a whole, it appears, then, that the process of incorporation is the same 
for all four amino acids. 

Reticulocytes appear to differ from marrow cells in that, with the latter, 
anaerobiosis completely inhibits the incorporation of glycine, leucine, and 
lysine (15). Respiration appears to be only indirectly associated with the 
process of amino acid incorporation, since anaerobiosis, diethyl dithiocar- 
bamate, and a, a - dipyridyl are only somewhat inhibitory. In this respect 
rabbit reticulocytes differ from other preparations previously studied (1, 
18-20). The process in reticulocytes resembles the incorporation of lysine 
into guinea pig liver homogenate (13) and of other amino acids into gluta- 
thione (21). 

In order to determine that the labeled amino acid was not merely ad- 
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sorbed onto the protein and also to obtain information on the mode of in- 
corporation, the proteins obtained after incubation with the labeled amino 
acids were subjected to various treatments (Table IX). The proteins ob- 
tained from glycine, histidine, and lysine incubations were the total reticu- 
locyte proteins, chiefly globin. The leucine-labeled protein was hemoglo- 
bin obtained from the reticulocytes by the dialysis method of Drabkin (22). 
Heating the proteins for 15 minutes at 90° in 5 per cent trichloroacetic acid, 
followed by four washings with 5 per cent trichloroacetic acid, did not 


Tasie VIII 
Effect of Inhibitors on Incorporation of Labeled Amino Acids into Proteins of Rabbit 
Reticulocytes 
The results are expressed as per cent of that without inhibitor. 
Glycine Histidine Leucine Lysine 
III 
M 

Anaerobiosis................ 45 67 77 24 37 43) 75 100 
D 10-3 71 56 82 54 80 87 54 86 
D 10 10 9 5 71 4 12 8 9 
10-3 70 63 81 85 87 95 70 91 
Diethyl dithiocarbamate 10 81 59 89 100 63 92 17 100 
- Dipyrid yl 10-3 36 50 54 58 38 75 31 69 
2,4-Dinitrophenol........... 10-3 7 11 17 10 19 12 14 21 
2 X 10° 1 0 3 6 1 9 0 0 

„ 2 X 10°° 99 94 
Hydroxyl amine 2 X* 10 11 16 11 10 7 11 5 32 

FPV 2 X 10 — 100 100 100 100 99 100 
Iodoacet ate 2 X 10 12 4140 46 76 49 51 21 76 
Ammonium molybdate 2 X 10 42 16 55 100 61 74 33 70 


remove any radioactivity. The counts were also not decreased by dialysis, 
in the presence of a weight of the corresponding unlabeled I- amino acid 
equal to that of the protein, against 0.1 m sodium carbonate. That the 
labeled proteins did not contain free labeled amino acids was also shown 
by the fact that no radioactive carbon dioxide was liberated on treatment 
with ninhydrin (23, 24). Oxidation of the proteins with performic acid 
according to the method of Toennies and Homiller (25) did not decrease 
the count. Results of treatment of the glycine-, leucine-, and lysine-la- 
beled proteins with dinitrofluorobenzene according to the method of Sanger 
(26) indicated that the labeled amino acids in the proteins did not have 
free amino groups. 


SS. 8 8 


* 
| 
: 


BORSOOK, DEASY, HAAGEN-SMIT, KEIGHLEY, AND LOWY 


The following procedures were used for the identification and isolation 
of the radioactive amino acids from the proteins. 
Glycine and Serine—2.000 gm. of protein from the incubations with la- 


TaBie IX 


Results of Treatment of Proteins Obtained after Incubation with CM. Carboxyl - Labeled 


Glycine, u-Histidine, I- Leucine, or l- Lysine 


Treatment 


Labeled amino acid used in incubation 


Glycine® 


None; radioactivity of pro- 
tein, e. p. m. per mg. 

Heated with 5% trichloro- 
acetic acid; specific ac- 
tivity of protein as % of 
that of original protein 

Dialyzed; specific activity 
of protein as % of that of 
original 

Treated with ninhydrin; 
counts in liberated CO, 
as % of that originally in 


protein 
Treated with performic 
acid; specific activity of 


originally in protein 
found in isolated amino 
acid corresponding to 
that with which it had 
been incubated 

% radioactivity found in 
labeled amino acid which 
has its amino group free 


in protein 


4.30 
101 


108 


Glycine 79; serine 14 


7.10 


101 


14.3 


109 


* Total proteins of the reticulocytes used. 


t Hemoglobin only used. 


beled glycine, 1.000 gm. of inactive carrier glycine, and 1.000 gm. of inac- 
tive carrier pDL-serine were refluxed for 21 hours with 6 n HCl and then 
chromatographed on Dowex 50 (16). The glycine fraction was converted 
to acetylglycine (27). The specific activity of the acetylglycine on succes- 
sive recrystallizations was 4.42, 4.30, 4.00, 3.90, and 3.98 c.p.m. per mg. 
Only 10 per cent remained after the last recrystallization; m. p. 207-208. 


Calculated, C 41.02, H 6.03, N 11.96; found, C 40.83, H 5.94, N 11.85 
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The bulk of the HCl was removed from the serine fraction, which con- 
tained also aspartic acid, threonine, and glutamic acid, by several evapora- 
tions in vacuo; the residue was dissolved in water, brought to pH 5.8 with 
ammonium hydroxide, and electrodialyzed, as previously described, for 7 
hours. The combined anolyte fractions, consisting of crude aspartic and 
glutamic acids, contained a total of only 100 c.p.m. The serine was iso- 
lated from the catholyte and from the solution in the center compartment 
as the dinitrophenyl derivative (28). The specific activity of the dinitro- 
phenyl derivative after successive recrystallizations from methanol was 
0.38, 0.48, and 0.39 c.p.m. per mg. Only 10 per cent remained after the 
last recrystallization; m. p. 194-196 (uncorrected). 


Calculated, C 39.86, H 3.34, N 15.49; found, C 39.89, H 3.47, N 15.31 


The original protein contained a total of 8600 c.p.m. If it is assumed 
that the protein was hemoglobin and that rabbit hemoglobin has the same 
composition as human hemoglobin (29), then the protein contained 100 mg. 
each of glycine and serine. 79 per cent of the count of the original protein 
was, therefore, accounted for as glycine; i. e., 1100 X 1.56 (factor for con- 
verting glycine to acetylglycine) X 3.96 = 6795 c. p. m. 14 per cent of the 
count of the original protein was accounted for as serine; i. e., 1100 X 2.58 
(factor for converting serine to 2 ,4-dinitrophenol serine) Xx 0.415 = 1179 
c. p. m. 

Histidine—1.000 gm. of protein from the incubations with labeled histi- 
dine and 0.740 gm. of inactive carrier L-histidine were hydrolyzed. The 
hydrolysate was evaporated to dryness and then electrodialyzed as previ- 
ously described. The combined catholytes were brought to pH 5.6 and 
again electrodialyzed. Histidine was precipitated at pH 7.4 as the silver 
salt, after removal of ammonia by a stream of nitrogen from the combined 
catholytes. The silver salt was decomposed with hydrogen sulfide in the 
presence of sulfuric acid, the sulfate was removed by adding barium hy- 
droxide to pH 4.0, and the histidine was precipitated from 50 per cent 
methanol as the nitranilate. The specific activity of the nitranilate after 
successive recrystallizations was 3.64, 3.53, and 3.58 c.p.m. per mg. 


Calculated, C 37.50, N 18.22; found, C 37.45, N 18.20 


The original protein contained a total of 7100 c.p.m. If the assumption 
is made that the protein was hemoglobin and of the same composition as 
human hemoglobin (29), then the protein contained 80 mg. of histidine. 
101 per cent of the count of the original protein was, therefore, accounted 
for as histidine, 1.e., 820 X 2.476 (factor for converting histidine to the 
nitranilate) Xx 3.55 = 7208 c.p.m. 

Leucine—299 mg. of hemoglobin from the incubations with labeled leucine 
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and 299 mg. of inactive carrier L-leucine were hydrolyzed. After removal 
of excess acid, the hydrolysate was chromatographed on starch (17, 30); 
the leucine-isoleucine-phenylalanine fraction from the starch column was 
rechromatographed on Dowex 50 (16). Crystalline leucine was obtained 


by lyophilization of the leucine fraction. It was recrystallized by dissolv- - 


ing in hydrochloric acid and precipitating with ammonia at pH 5.0. The 
specific activity of the leucine after successive recrystallizations was 12.8, 
12.9, and 12.9 c.p.m. per mg. 

The original hemoglobin contained a total of 4279 c.p.m. If the assump- 
tion is made that the hemoglobin is of the same composition as human 
hemoglobin (29), then it contained 45 mg. of leucine. 103 per cent of the 
count of the original hemoglobin was, therefore, accounted for as leucine; 
i. e., 344 X 12.87 = 4428 c. p. m. 

Lysine—1.000 gm. of protein from the incubations with labeled lysine 
and 0.800 gm. of L-lysine were hydrolyzed with hydrochloric acid. After 
removal of excess acid, the hydrolysate was electrodialyzed, as previously 
described, for 7 hours. The combined catholytes were acidified to pH 4.4 
and again electrodialyzed for 3 hours. After removal of ammonia by a 
stream of nitrogen the combined catholytes were adjusted to pH 6.8 with 
a saturated ethanol solution of picric acid. The specific activity of the 
lysine picrate, after successive recrystallizations from water, was 3.01, 3.11, 
and 3.00 c.p.m. per mg. 


Calculated, N 18.66; found, N 18.86 


The original protein contained a total of 6870 c. pm. On the assumption 
that the protein was hemoglobin and of the same composition as human 
hemoglobin (29), the protein contained 80 mg. of lysine. 99 per cent of 
the count of the original protein was, therefore, accounted for as lysine; 
i. e., 880 X 2.567 (factor for converting lysine to lysine picrate) X 3.00 = 
6777 e. p. m. 

All the data of Table VIII are in accord with the interpretation that 
rabbit reticulocytes, when incubated with labeled amino acids, incorporate 
them into their proteins. In the case of glycine, it is evident that the 
reticulocytes convert part of the glycine to serine, which is then also in- 
corporated. 

Effect of Amino Acids and of Other Substances on Incorporation—Since 
the accelerating effect of plasma on incorporation of labeled amino acids 
was not due to its protein or to its mineral content, it seemed possible that 
the effect might be due to the amino acids present. A systematic study of 
the effects of additions of various amino acids was, therefore, begun, after 
it was shown that an acid hydrolysate of casein increased incorporation in 
saline. 
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The mixture of amino acids referred to as total amino acids gave the 
following concentrations (mg. per cent) in the incubating medium (in all 
experiments unlabeled amino acid corresponding to the labeled amino acid 
used in the incubation was omitted): t-alanine, 2.06; L-arginine, 1.65; L- 
aspartic acid, 2.29; L-cystine, 0.13; L-glutamic acid, 8.74; glycine, 0.19; 
L-histidine, 1.09; t-hydroxyproline, 0.56; DI- isoleucine, 4.73; L-leucine, 3.64; 
L-lysine, 3.06; L-methionine, 1.28; Di- norleucine, 4.73; L-phenylalanine, 
1.88; L-proline, 2.89; L-serine,* 2.89; L-threonine, 1.43; L-tryptophan, 0.45; 
L-tyrosine, 2.51; L-valine, 2.44.“ Whenever, in later experiments cited, an 
unlabeled amino acid was added to the incubating medium separately or in 
other combination than the above mixture, its concentration was the same 
as in the total amino acid mixture. 

The amounts of incorporation of each of the four labeled amino acids was 
greater in plasma or in saline containing total amino acids than in saline 
TABLE X 
Effect of Other Amino Acids on Incorporation of Labeled Amino Acids into Rabbit 
Reticulocytes 


Micromoles per gm. of protein per 2 hours. 


Labeled amino acid in reaction mixture 
Glycine Histidine Leucine "Lysine 
Saline alone................... 1.59 2.49 1.46 1.96 
. 2.56 3.09 3.26 4.91 
Saline + total amino acids..... 2.80 3.41 2.48 3.71 


(Table X). The values given are uncorrected for the dilution of the labeled 
amino acids by the unlabeled amino acids already present in the plasma; 
in the case of glycine, therefore, which is present in relatively large amounts 
in the plasma (Table II), the true incorporation is probably greater in the 
plasma than in the saline containing total amino acids. The incorporation 
of leucine and of lysine was also greater in plasma than in saline containing 
total amino acids. This finding suggested that plasma contains an acceler- 
ating factor other than amino acids, since the concentrations of most of 
the amino acids were higher in the total amino acid mixture than in plasma. 

* Prepared and kindly given to us by Dr. C. E. Harrold. 

*,-Alanine and L-threonine were obtained from the Bios Laboratories, Inc., 
L-arginine, L-glutamic acid, and Lmethionine from. the H. M. Chemical Company, 
Ltd., L-aspartic acid from the Pfanstiehl Chemical Company, L-cystine, I-hydroxy- 
proline, and bi- norleueine from the Amino Acid Manufactures, University of Cali- 
fornia at Los Angeles, glycine, I-histidine, pi-isoleucine, t-leucine, L-lysine, L-pro- 
line, and 1-tyrosine from Merck and Company, Inc., L-phenylalanine and 1-valine 
from the Nutritional Biochemicals Corporation, L-tryptophan from the Van Camp 
Laboratories. 
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The effect of omitting each amino acid individually from the total amino 
acid mixture is shown in Table XI. The omission of histidine, phenyl- 
alanine, or valine from the mixture containing all the remaining amino 
acids decreased the acceleratihg effect of the total amino acid mixture. 
The omission of tryptophan and tyrosine gave a slight and variable reduc- 
tion which was within the experimental error. The total amino acid mix- 
ture from which all the other amino acids not listed in Table XI were in- 

TaBLe XI 
Effect of Other Amino Acids on Incorporation in Saline 
The results are expressed as per cent of value with total amino acid mixture. 


Labeled amino acids incorporated 
Unlabeled amino acids added 
Glycine | Histidine | Leucine Lysine 
cc 67 77 58 51 
Total amino acids.......................... 100 100 100 100 
10 “ less histidine............. 46 64 62 
40 40 89 96 91 
„„ phenylalanine 75 66 78 86 
“ “ tryptophan 95 92 98 88 
46 tyrosine. 95 97 90 85 
10 “ 6 75 71 61 63 
40 “ 10 each amino acid sepa- 
rately except those cited.................. 92-107, 94-102 | 95-103 | 97-103 
XII 


Effect of Individual Amino Acids on Incorporation of Labeled 
The results are expressed as per cent of value in saline alone. 


²˙eUT 100 
198 

Plasma (no amino acids added).......................-. 307 

Saline + each amino acid separately except histidine. ... 87-110 


dividually omitted gave the same accelerating effect as the total amino 
The effect of adding each amino acid individually to the saline solution 
was tested (Table XII). Only histidine accelerated the incorporation of 
leucine; none of the other amino acids of the total amino acid mixture had 
any effect. This result supports the interpretation that phenylalanine and 
valine will accelerate the incorporation only in the presence of histidine. 
To determine whether any other amino acid was synergistic in the incor- 
poration of leucine and also to find an optimal amino acid mixture, a mix- 
ture of histidine, phenylalanine, tyrosine, and valine was tested with each 
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of the other amino acids of the total amino acid mixture in turn (Table 
XIII). The mixture of histidine, phenylalanine, tyrosine, and valine was 
as effective as the total amino acid mixture, and addition of the other amino 
acids individually, or of the remaining indispensable amino acids, or of all 
the dispensable amino acids was without significant effect. Increasing the 
concentrations of histidine, phenylalanine, and valine in the saline to 2 or 
4 times the usual concentrations, either separately or together, did not fur- 
ther increase leucine incorporation. The higher concentrations were some- 
what inhibitory. 

Experiments on the incorporation of labeled histidine in saline gave re- 

Tasie XIII 
Effect of Histidine, Phenylalanine, Tyrosine, and Valine on Incorporation of Labeled 
Leucine in Saline 
The results are expressed as per cent of value in saline alone. 


Plasma (no amino acids added) 5 318 
Saline + total amino acids. 170 

less (histidine + phenylala- 

nine + tyrosine + valine))))))) sO 
Saline + histidine + phenylalanine + tyrosine + 

Saline + histidine + phenylalanine + tyrosine + 

valine + each of remaining amino acids separately... .. 155-180 


Saline + histidine + phenylalanine + tyrosine + valine 
+ isoleucine + methionine + norleucine + arginine 
+ threonine + tryptophan 165 

Saline + histidine + phenylalanine + tyrosine + valine 
+ alanine + aspartic acid + cystine + glutamic acid 
+ glycine + hydroxyproline + proline + serine ...... 160 


sults similar to those obtained with labeled leucine (Tables XII and XIII). 
Addition of the total amino acid mixture to saline gave a 25 to 40 per cent 
acceleration, each amino acid had no effect, a mixture of phenylalanine, 
tyrosine, and valine was as effective as the total amino acid mixture, and 
the effectiveness of the mixture was not augmented by the addition of any 
other single amino acid. 

When plasma was used as the incubating medium, the effect of adding 
amino acids on the incorporation of histidine differed from that obtained 
in saline (Table XIV). Leucine, phenylalanine, and valine separately in- 
creased the incorporation somewhat; other individual amino acids did not. 
The stimulation by a mixture of phenylalanine, tryptophan, tyrosine, and 
valine, which was practically the sum of the individual effects, was far less 
than that of the total amino acid mixture. The addition of leucine to the 
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mixture of the four amino acids gave an acceleration equal to that of the 
total amino acid mixture; the sum of the stimulation by leucine, phenyl- 
alanine, tryptophan, tyrosine, and valine individually was less than their 
combined effect. Tryptophan and tyrosine probably do not participate in 
the synergistic action. 

The effect of the omission from the total amino acid mixture of each 
amino acid individually was also tested with labeled histidine in plasma 
(Table XIV). Omission of leucine alone from the total amino acid mixture 
gave a rate little more than that in plasma; omission of either phenylalanine 
or valine also reduced the incorporation to some extent. When each of the 

Tasie XIV 
Effect of Other Amino Acids on Incorporation of Labeled Histidine in Plasma 
The results are expressed as per cent of value in saline alone. 


Saline 100 Saline 100 

Plasma alone 165 Plasma alone 178 
I leueine 203 I total amino acids 373 
„ phenylalanine 199 186 
I tryptophan 173 less leucine 
I tyrosine 172 Plasma + total amino acids | 263 
“+ valine 200 less phenylalanine 
T each amino acid sepa- 160-168 Plasma + total amino acids 360 
rately except those cited above less tryptophan 

Plasma + total amino acids 460 Plasma + total amino acids 360 
T phenylalanine + | 248 less tyrosine 
tryptophan + tyrosine + Plasma + total amino acids 303 
valine less valine 

Plasma + leucine + phenylal- | 419 Plasma + total amino acids 364-381 
anine + tryptophan + tyro- less each amino acid sepa- 
sine + valine rately but always including 

those cited above 


other amino acids of the total amino acid mixture was individually omitted, 
the incorporation was the same as in the complete mixture. This syner- 
gistic effect of leucine was not observed in saline; it evidently depends on 
the presence in plasma of another factor. 

Experiments on the effect of added amino acids on the incorporation of 
labeled glycine, histidine, leucine, and lysine, both in plasma and in saline, 
are summarized in Table XV. A mixture of histidine, phenylalanine, tryp- 
tophan, and valine was as effective as the total amino acid mixture in either 
saline or plasma (except in histidine incorporation in plasma). When leu- 
cine was added to the mixture of the five amino acids, the incorporation 
of glycine and lysine in plasma was more than doubled; in saline, however, 
leucine had no synergistic effect. Leucine alone had no accelerating effect 
in saline and only a relatively small one in plasma. 
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We have found, in experiments with guinea pig liver mitochondria (31), 
rabbit bone marrow cells (15), and rat diaphragm (1), that the sum of the 
counts of the protein obtained by incubation with each of labeled glycine, 
leucine, or lysine separately is equal to the count of the protein obtained 
by incubation with a mixture of the three amino acids. A similar additive 
effect is found with rabbit reticulocytes, in both saline and in plasma, with 
labeled glycine, leucine, and lysine (Table XVI). However, in all combi- 
nations containing labeled histidine, the count of the protein was a little 

Taste XV 
Effect of Other Amino Acids on Incorporation of Labeled Glycine, Histidine, Leucine, 
and Lysine 

Micromoles per gm. of protein in 2 hours. 


. 5.38 | 3.44 
2.70 5.48 | 3.71 
Leucine + histidine + phen- 

ylalanine + tryptophan + 

tyrosine + valine 6.32 | 2.90 7.86 | 3.00 12.83 | 3.91 


The unlabeled amino acid corresponding to the labeled amino acid used was 
always omitted from the added unlabeled amino acids. 


greater than the expected sum; this acceleration by histidine is in accord 
with the data of Tables XI, XII, XIII, and XV. 

A number of substances other than amino acids were tested for an accel- 
erating effect on the incorporation of leucine in saline. The following had 
no effect: acetate (0.01 m), adenine (0.75 mg. per cent), adenosine (1.5 mg. 
per cent), adenylic acid (25 mg. per cent), bovine serum albumin (7 per 
cent), ascorbic acid (33 and 3.3 mg. per cent), adenosinetriphosphate 
(ATP) (0.001 u), coenzyme A (25 units per ml.), coenzyme II (0.001 ), 
creatine (0.75 mg. per cent), folic acid (10 y per ml.), folinic acid (10 and 
1 y per ml.), glucose (0.01 M), glutathione (300 mg. per cent), glycocyamine 
(0.75 mg. per cent), guanine (0.75 mg. per cent), a-ketoglutarate (0.01 M), 


peptone, Difco Nos. I, 2, 3, and 4 (100 mg. per cent), peptone, Witte (100 


mg. per cent), pyruvate (0.01 u), riboflavin (3.0 and 0.3 mg. per cent), succi- 
nate (0.01 m), thiamine (0.3 and 0.03 mg. per cent). The following were 


| Labeled amino acid 
Unlabeled addition | Glycine | Histidine Leucine | Lysine 
— — — — — 
None 2.86 | 1.59 | 3.09 | 2.49 3.2 1.43 4.91 | 1.96 
Leucine. . 2.74 | 1.61 | 3.82 | 2.30 : 6.10 1.81 | 
Histidine + phenylalanine | | | | 
+ tryptophan + tyrosine | | | | 
( 
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inhibitory: citrate (0.01 u), vitamin Bis (1 and 0.1 y per ml.), and mal- 
ate (0.01 m). 

Some of the above compounds were tested in saline containing the total 
amino acid mixture. The following were without effect: adenylic acid (25 
mg. per cent), a mixture of ATP (0.001 u) and glucose (0.01 u), citrulline 
(20 mg. per cent), creatine (1 mg. per cent), glucose (0.01 m), glutamine 
(3.9 mg. per cent), malate (0.01 u), and pyruvate (0.01 M). The following 


XVI 
Incorporation of Labeled Glycine, u-Histidine, I- Leucine, and I-Lyeine When 
Incubated Separately and Together 
Incubated in saline Incubated in plasma 
Experiment 1 Experiment 2 Experiment 3 Experiment 4 
: 
8 2 
por mag. | fer cont for ms. per cent per me per cent fer me per cont 
1.4 4.2 7.65 10.0 
Histidi ne 8.0 7.0 11.9 15.1 
Leu eine 4.65 4.3 9.2 10.5 
n 4.2 3.7 9.2 10.6 
Glycine + histidine 
+ leucine......... 21.6 17 20.4 132 31.3 109 41.5 131 
Glycine + leucine 
+ lysine.......... 13.35 | 101 | 11.8 97 | 25.4 98 31.4 101 
Glycine + histidine 
+ lyeine 20.3 122 19.3 130 30.4 106 38.5 108 
Histidine + leucine 
+ lyeine 83.4 139 | 19.7 131 | 30.4 100 | 39.1 | 108 
Glycine + histidi 
+ leucine + lysine.| 28.2 133 | 25.8 134 10.1 106 | 53.0 115 


were inhibitory: citrate (0.01 M), a-ketoglutarate (0.01 M), succinate (0.01 
u), and a mixture of malate (0.01 u) and pyruvate (0.01 m). A slight 
acceleration (10 to 15 per cent) was observed in saline with coenzyme I 
(Col) (0.001 u) and with ATP (0.001 u). A mixture of Col and ATP 
was no more effective than either substance alone.’ 

Table XVII presents more evidence of an accelerating factor in addition 


reo conclusions are to be drawn from the effects of substances other than the 


amino acids noted above. They are only observations on the test system as it was 
used in these experiments. We have indications that under other conditions different 
results may be obtained in some cases. 


8 

j 

* 

— — — — — — 

* 


688 LABELED AMINO ACIDS AND PROTEINS 


to amino acids in the non-protein filtrate of plasma. The data show that 
the acceleration by the mixture of histidine, leucine, phenylalanine, tryp- 
tophan, tyrosine, and valine, was greater in the non-protein filtrate of 
plasma than in saline. 

An accelerating factor is present also in the non-protein filtrates from 

Taste XVII 
Effect of Other Amino Acids Added to Non-Protein Filtrate of Anemic Rabbit Plasma 
on Incorporation of Labeled I- Leucine and 1. Lysi ne 
The results are expressed as per cent of value in saline alone. 


Labeled amino acid 
Addition Leucine Lysine 2 
Saline |Non-protein |Non-protein 
Histidine, leucine,* phenylalanine, trypto- 
162 331 190 462 


* Unlabeled leucine was added only in the experiments with labeled lysine. 


Tasie XVIII 
Accelerating Effect of Non-Protein Filtrate of Red Cells on Incorporation of Labeled 
L-Lysine into Proteins of Rabbit Reticulocytes 
The results are expressed as per cent of value in saline. 


Red cell filtrate of Per cent of value in saline 
158 
— — 

213 
207 


the normal erythrocytes of beef, guinea pig, hog, horse, man, rabbit, and 
sheep, and from rabbit reticulocytes (Table XVIII). The cells, separated 
from the plasma of the heparinized blood by centrifugation, were washed 
twice with saline and then frozen. The mixture containing the frozen cells 
and an equal volume of saline was brought to pH 5.5 and boiled; the non- 
protein filtrate obtained by filtration was brought to pH 8.4. The mixture 
of unlabeled histidine, leucine, phenylalanine, tryptophan, tyrosine, and 
valine was added to both the saline and red cell filtrate reaction mixtures. 
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Since the data indicate the presence of an accelerating factor in normal 
erythrocytes, their failure to incorporate labeled amino acids may be due 
to lack of either the enzyme system or of necessary organization of the cell 
proteins. | 

The presence of inhibitory as well as of accelerating factors in non-pro- 
tein filtrates of plasma was detected by the chromatopile method of Mitch- 
ell and Haskins (32). A mixture of n-propanol and & acetic acid (3:1) 
was the developing solvent. The residues obtained after division of the 
pile into nine equal fractions, elution of each with water, and concentration 
of the aqueous extracts to dryness, were tested for their accelerating effect 


Taste XIX 
Effect of Extracts of Animal Tissues of Yeast and of Escherichia coli on Incorporation 
of Labeled Lysine 
Per cent of value in saline 

Source of tissue extract Extract in 4.0 ml. of reaction mixture 
2.7 ml. 0.5 ml. 0.3 ml. 
Duodenum, dried at 40°, hog............ 1 34 61 
Kidney, 5 S4 91 
Stomach lining, dried at 40°, hog ........ 5 50 76 
Blood, whole, horae 242 142 135 
Liver, dried at 75°, hog. ................ 100 214 250 
F 6 134 166 
% 41 113 


All the dried tissues were obtained from the VioBin Corporation, Monticello, 
Illinois. 


on incorporation of labeled leucine and lysine. The mixture of unlabeled 
histidine, ieucine, phenylalanine, tryptophan, tyrosine, and valine was 
added to both the saline and the test reaction mixtures. The top fractions 
accelerated the incorporation; the lower fractions inhibited the incorpora- 
tion, the third fraction from the bottom being the most inhibitory. The 
inhibition cannot be accounted for by the decrease in specific activity of 
the leucine or of the lysine (Table II). 

Evidence of both inhibitory and accelerating activity in extracts of vari- 
ous animal tissues and of yeast is given in Table XIX. Non-protein fil- 
trates from the dried animal tissues were obtained by filtering a boiled 
suspension of 20 gm. of tissue and 100 ml. of H.O, previously adjusted to 
pH 5.5; the pH of the filtrate was adjusted to 8.4 for testing. The horse 
blood extract was prepared by adding an equal volume of saline to the 
frozen whole blood; the mixture was boiled at pH 5.5 and filtered, and the 
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PH of the filtrate adjusted to 8.4. The brewers’ and bakers’ yeasts, after 
two preliminary washings, were treated by the same procedure as the blood. 
The results in Table XIX indicate a high concentration of inhibitory fac- 
tor (or factors) in duodenum, kidney, and stomach lining and the presence 
of both inhibitory and accelerating factors in liver, spleen, and yeast, with 
a greater reduction on dilution of the inhibitory effect than of the acceler- 
ating effect. Blood contains predominantly the accelerating factor, and 
dilution, therefore, gives only a reduction of acceleration. As with the 
non-protein plasma filtrate, the inhibitory effects of the tissue extracts can- 
not be ascribed to reduction in specific activity of labeled lysine by unla- 
beled lysine in the extracts. 

The properties of the accelerating factor in anemic rabbit plasma are 
being investigated. Boiling at pH 5.5 for 15 minutes, heating for several 

Taste XX 
Effect of Preincubation of Reticulocytes on Incorporation of Labeled Lysine 

The results are expressed as micromoles per gm. of protein. 


Incorporation during subsequent 2 brs. in 
* Saline with added liver Increase due to liver 
Saline alone extract ++ 

ars. 

0 2.22 6.14 3.92 
2 0.91 4.20 3.29 
3 0.56 3.06 2.50 
4 0.41 2.22 1.81 


hours at 70°, lyophilization, or storage at deep freeze temperatures does 
not decrease the activity. The activity is lost by refluxing for 20 hours 
with 6 & hydrochloric acid, but not by standing overnight at room tem- 
perature in normal hydrochloric acid. Extraction of the non-protein fil- 
trate with ether or chloroform did not remove activity. The ultrafiltrate 
of plasma had only slight activity; the dialysate of the non-protein filtrate 
at pH 5.5 was very active. The factor could be adsorbed on Lloyd's re- 
agent at pH 2.0 and eluted at pH 10.0. On electrodialysis of the accelerat- 
ing factor in liver nearly all the activity remains in the neutral compart- 
ment. On digestion of the liver factor for 12 hours at 38° with 0.1 per cent 
carboxypeptidase, chymotrypsin, pepsin, or trypsin very little activity 
was lost. 

It was shown in Table VI that the rate of incorporation of leucine be- 
came progressively slower during incubation. This phenomenon was in- 
vestigated further in experiments such as the following. The washed cells 
were preincubated at 38° under 95 per cent O: and 5 per cent CO, in Krebs- 
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Henseleit solution containing histidine, leucine, phenylalanine, tryptophan, 
tyrosine, and valine. After time intervals indicated in Table XX labeled 
lysine, with or without 0.5 ml. of liver extract, prepared as above, was 
added and the incubation continued for 2 hours more. Table XX shows 
that there was a progressive loss of ability of the cells to incorporate lysine, 
and that a large part, but not all, of this ability was restored by the liver 
extract. These results indicate that one of the necessary factors lost in the 
cells in the preincubation is the non-amino acid-stimulating factor, and 
that the activity of the cells in saline alone depends on their content of 
this factor. The non-protein filtrate or liver extract accelerated incorpora- 
tion in cells, whether used directly or preincubated, because each supplied, 
in the amounts used, approximately 5 times the amount of the stimulating 
factor initially present in the cells, thus replenishing, if not actually in- 
creasing, the concentration of the factor lost in the cells during incuba- 
tion. None of the factor is lost during incubation without cells. 


The literature on the relation between amino acids and blood formation 
in animals is extensive (33-55), but the results reported are unsystematic 
and some are conflicting. Nevertheless, it appears that there may be a 
relationship between labeled amino acid incorporation into reticulocyte pro- 

For example Sebrell (53) found that omission of some of the essential 
amino acids from the diet of rats made anemic by bleeding handicapped 
red cell regeneration more than the omission of others. The amino acids 
found to be most necessary for red cell and hemoglobin regeneration, stated 
in order of their effectiveness, were histidine, valine, lysine, phenylalanine, 
and leucine; the list agrees surprisingly well with the amino acids accelerat- 
ing incorporation of labeled amino acids into rabbit reticulocyte proteins. 

Nizet and Robscheit-Robbins (54) found that dog reticulocytes did not 
mature so quickly in vitro in the blood of dogs with hemorrhagic anemia 
and hypoproteinemia as in normal blood, unless a mixture of the ten essen- 
tial amino acids and glycine was added to the anemic blood. Variations 
from animal to animal were too great for any conclusions to be drawn re- 
garding differences among the individual amino acids. Orten and Orten 
(48) studied the effects on hemoglobin regeneration of adding individual 
amino acids to the diet of young rats previously made anemic by a low 
protein diet. They concluded that there was no “key” amino acid; how- 
ever, some amino acids appeared to be more effective than others in their 
experiments. 

One general conclusion that can be drawn is that, although all the amino 
acids in hemoglobin are, of course, needed for its synthesis, some amino 
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acids accelerate hemoglobin synthesis more than others. A similar con- 

clusion can be drawn regarding the influence of certain amino acids on the 

incorporation of other labeled amino acids into rabbit reticulocyte proteins. 
SUMMARY 


1. The synthesis of L-histidine labeled with Cie in the carboxy] group is 
described. 

2. The incorporation in vitro of labeled glycine, t-histidine, L-leucine, 
and L-lysine into rabbit reticulocytes, both individually and as a mixture, 
was studied. Evidence is given for the presence of labeled serine in the 
protein of reticulocytes incubated with labeled glycine, for the absence in 
the labeled proteins of adsorbed labeled amino acids, and for the absence 
in the labeled proteins of labeled amino acids with free amino groups. The 
effect on the incorporation of some oxidation and of some phosphorylation 
inhibitors was studied. 

3. The incorporation is greater when the reticulocytes are incubated in 
plasma than when they are incubated in saline. Histidine, phenylalanine, 
and valine, in low concentrations, accelerate the incorporation both in sa- 
line and in plasma; the accelerating effect of the plasma is not, however, 
due solely to its content of these amino acids. In plasma, but not in sa- 
line, leucine exerts a large synergistic action on the accelerating effect of 
the other amino acids. The evidence, therefore, points to the presence in 
plasma of a factor accelerating the incorporation of labeled amino acids. 

4. The accelerating factor is in the non-protein fraction of plasma. 
Accelerating factors were found in the plasma of every mammal investi- 
gated, in their normal erythrocytes, in rabbit reticulocytes, liver, spleen, 
and yeast. 

5. Some properties of the accelerating factors are given. They are not 
known amino acids or cofactors. 

6. When reticulocytes are incubated in saline with the accelerating amino 
acids for 2 to 3 hours at 38°, they lose most of their ability to incorporate 
labeled amino acids. A large part of this lost activity is restored by the 
addition (after preincubation) of an aqueous extract of liver. 
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NUCLEIC ACID CONTENT OF RETICULOCYTES AND ITS 
RELATION TO UPTAKE OF RADIOACTIVE LEUCINE 
IN VITRO* 


By BRUCE W. HOLLOWAYt ann SHERMAN H. RIPLEY? 
(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 
(Received for publication, December 11, 1951) 


Over the last two decades much evidence of an indirect nature has sug- 
gested that nucleic acids may be controlling factors in protein synthesis. 
A number of workers, notably Caspersson and Schultz (1, 2), Brachet (3), 
and Thorell (4), have shown that high concentrations of ribose nucleic acid 
are found in embryonic and neoplastic tissues. Although in many cases 
no direct measurements were made on the amount of protein synthesis, it 
was reasonably assumed that the types of tissues used were actively syn- 
thesizing protein. Spiegelman and Kamen (5) have raised the objection 
as to whether the correlation between the amount of ribose nucleic acid 
and protein synthesis was of any real value in determining the effect of 
nucleic acids on protein synthesis. They pointed out that equally good 
correlations can be obtained between protein synthesis and other phosphate 
fractions. Thorell (4), using bone marrow tissue, claimed evidence for the 
existence of different phases during the formation of protein in red blood 
cells, with correlated changes in the ribose nucleic acid. 

It has been shown by Borsook et al. (6) that reticulocytes, but not eryth- 
rocytes, rapidly incorporate radioactive amino acids. This suggested the 
possibility of measuring simultaneously both amino acid incorporation and 
nucleic acid content in a system in which both could be expected to be 

Methods 

Production of reticulocytes in rabbits was stimulated by daily subcuta- 
neous injections of 1 ml. of a 2.5 per cent solution of phenylhydrazine hy- 

* This work is part of that done under contract with and joint sponsorship of the 
United States Atomic Energy Commission and the Office of Naval Research, United 
States Navy Department. The Cie used was supplied by the Carbide and Carbon 
Chemicals Corporation, Oak Ridge, Tennessee, and was obtained on allocation from 
the United States Atomic Energy Commission. 

t Recipient of a United States Government maintenance award and Fulbright 
travel grant, administered by the Institute of International Education. 


t Union Scholar (Union of South Africa); Institute Scholar (California Institute 
of Technology), sponsored by the Institute of International Education. 


696 NUCLEIC ACIDS AND AMINO ACID UPTAKE 


drochloride in Ringer’s solution neutralized to pH 7.0 (7). This substance 
leads to destruction of mature erythrocytes, resulting in increased hemato- 
poietic activity and liberation of reticulocytes into the blood. Injections of 
0.05 mg. of folic acid plus 0.05 y of vitamin Biz were made at the same 
time to stimulate erythropoiesis in the bone marrow. Removal of blood 
samples from the rabbit was an additional factor in promoting reticulocyte 
production. 

15 ml. of blood were removed from the marginal ear vein at the begin- 
ning of the experiment and on the 2nd, 4th, and 7th day. Aliquots of this 
sample were used for the determination of nucleic acid content, reticulo- 
cyte number, hematocrit red cell volume, and radioactive leucine uptake. 
The t-leucine' was labeled with Ci in the carboxy] carbon, and its specific 
activity was 15,500 c.p.m. per mg. (corrected). 

The method developed by Borsook ei al. (unpublished) for the incorpora- 
tion of amino acids into blood was applied to the radioactive leueine. This 
consists essentially of incubating 3.8 ml. of blood with 0.2 ml. of a radio- 
active leucine solution in the Dubnoff apparatus (8) for 1 hour at 37.5° in 
an atmosphere of 95 per cent oxygen and 5 per cent carbon dioxide. At 
the end of the incubation period, the reaction mixture is chilled to 0° and 
centrifuged and the supernatant removed. The cells are then taken up in 
15 ml. of Krebs-Henseleit solution (9) and centrifuged and the supernatant 
discarded. This procedure is repeated twice and the resulting washed cell 
mass lyzed with 80 ml. of water. The protein is precipitated from this 
liquor by addition of trichloroacetic acid to make the final concentration 7 
per cent. After standing for 1 or more days, the precipitate is washed ten 
times with 20 ml. portions of cold 7 per cent trichloroacetic acid, followed 
by two washings with 20 ml. of acetone and two washings with 20 ml. of 
ether. The precipitate is then dried in an oven at 80° overnight and ground 
to a powder and the radioactivity of 20 mg. portions determined with a 
Geiger-Müller counter. The measurements of radioactivity are expressed 
as counts per minute per mg. Corrections were made for the thickness of 
the sample as described by Kamen (10). 

The nucleic acid was extracted from the freshly washed cells derived 
from 2 ml. of blood by the general methods described by Schneider (11) 
for liver homogenate. Washing with alcohol to remove traces of trichloro- 
acetic acid after acid-soluble phosphate extraction caused gelation of the 
supernatant, rendering centrifugation difficult. Acetone was therefore sub- 
stituted for the alcohol and proved satisfactory. With the Coleman spec- 
trophotometer, the final nucleic acid extract was estimated colorimetrically 
for both ribose nucleic acid (RNA) and desoxyribose nucleic acid (DNA). 


1 The authors wish to thank Dr. P. H. Lowy of the California Institute of Tech- 
nology for the sample of radioactive leucine. 
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The RNA was estimated by the orcinol reaction (12) at a wave-length of 
660 ma and the DNA by the diphenylamine reaction (13) at 632.5 muy. 

The reticulocytes were counted after staining fresh whole blood with a 
saturated solution of brilliant cresyl blue for 30 minutes at 37° followed by 
Wright’s stain. In each smear a total of 1000 blood cells was counted, the 
number of reticulocytes being expressed as a percentage of the total red cell 
number. The experiment was performed on two rabbits and duplicate 
samples were used for the estimation of radioactivity, nucleic acid content, 
and hematocrit. 
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OURATION OF EXPERIMENT — DAYS 
Fic. 1. Development of reticulocytosis in the rabbit following daily phenyl- 
hydrazine, folic acid, and vitamin Bis injections, and bleeding on alternate days. 
Reticulocytes are expressed as a percentage of total cell number; hematocrit, the 
volume of cells, as a percentage of whole blood. 


Results 


A marked increase in the reticulocyte content of the blood occurred in 
response to the hematopoietic stimuli (Fig. 1). The uptake of radioactive 
leucine by reticulocytes and the inability of erythrocytes to do this, as re- 
ported by Borsook et al. (6), have been confirmed in these experiments. 
The marked increase in reticulocyte’ number, from 1 to 2 per cent at the 
beginning to nearly 100 per cent after 7 days, was paralleled by the increase 
in the nucleic acid and the amount of radioactive leucine taken up by the 
cells. This increase in nucleic acid is accounted for almost entirely by the 
RNA, which by the 7th day had increased some 30-fold, while there was 
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only 4 times as much DNA. These results are expressed graphically in 
Fig. 2. As would be expected under such treatment, the hematocrit red 
cell volume decreased from a normal 45 per cent to less than 20 per cent; 
the anemia was severe and one animal died on the 6th day. 

The relationship between the increase in the reticulocytes (expressed as 
a percentage of total blood cells) and the counts per mg. of protein per 
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RETICULOCYTES AS % OF TOTAL CELLS 
Fic. 2. The nucleic acid content of reticulocytes in rabbit blood. Nucleic acid 
concentrations are expressed as mg. per 100 ml. of total cells. The reticulocyte 
number is expressed as a percentage of total cell number. 


minute of the radioactive leucine incorporated is shown in Table I. Com- 
parison of these data with Fig. 2 shows the marked similarity between the 
increase of RNA and the uptake of leucine as the percentage of reticulo- 
cytes increased. 

By making a number of assumptions it becomes possible to calculate the 
content of RNA in 1 ml. of reticulocytes. We assume that the average 
volume of the reticulocyte and erythrocyte is approximately equal, that 
the concentration of RNA found in the blood when only 0.05 per cent 
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Tasiz I 


Development of Reticulocytosis in Rabbit Blood and Associated Changes in RNA 
Content and Amount of C. Labeled I- Leueine Incorporated in Vitro 


mg. c. H. per mg. 
0 A 0.5 21.3 0.086 
25.5 0.095 
B 2.5 31.0 0.116 
32.7 0.093 
2 A 6.7 70.5 0.417 
70.5 
B 6.9 66.0 0.795 
66.0 0.673 
4 A 40.0 278.0 
265.5 1.330 
B 42.0 286.0 1.508 
281.4 1.491 
7 A Dead Dead Dead 
B 96.6 650.3 5.33 
693.3 5.36 
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MG. RIBOSE NUCLEIC ACID 
PER ML. RETICULOCYTES 
Fic. 3. The relation between the rate of incorporation of radioactive leucine by 


reticulocytes and their ribose nucleic acid content. The two sets of points are 
duplicates from the same animal. 
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reticulocytes are present represents the amount of RNA in erythrocytes, 
and that the amount of RNA in blood with 96.6 per cent reticulocytes is 
all attributable to the reticulocytes. Using these data to make corrections 
based on these assumptions, we can readily calculate the RNA content of 
the reticulocytes. 

Knowing the radioactivity of the leucine to be 15,500 counts per mg. per 
minute (corrected) and assuming the protein is mainly hemoglobin (4) and 
its leucine content is the same as that of human hemoglobin (14), we may 
calculate the milliequivalents of leucine incorporated per gm. of protein 
per minute. On plotting the incorporation of radioactive leucine against 
the RNA content per ml. of reticulocytes (Fig. 3), we see clearly that an 
apparent correlation exists. 


DISCUSSION 


The most striking feature of the results is the increase in the RNA con- 
tent of the blood cells as the reticulocyte number increases. A 50-fold in- 
crease in the number of reticulocytes took place over a period of 7 days, 
accompanied by an increase of 30 times as much RNA, whereas the DNA 
increased only 4-fold. It is curious that the amount of DNA should rise 
so little in contrast to the large increase in the reticulocyte number. There 
is little, if any, DNA in mature erythrocytes, owing to the absence of nu- 
clear material; hence all the DNA found in the blood is attributable to the 
reticulocytes and the leucocytes. Thus it appears that in the course of 
maturation of the red cell, although the amount of DNA per reticulocyte 
is decreasing, leucine can still be actively incorporated into the proteins. 

The data serve to emphasize the suitability of reticulocytes for this type 
of study. Reticulocytosis is easily induced, and the material is conven- 
iently handled and provides a readily available source of actively maturing 
embryonic cells which can be obtained free of their mature form. Certain 
disadvantages exist, particularly in the heterogeneity of the population 
over a period of time. Reticulocytes in all stages of maturation occur in 
the circulation and the relative proportions of these stages change with the 
course of time in an, as yet, undefined manner. This heterogeneity may 
account in part for the shape of the curve depicted in Fig. 3. Elucidation 
of these changes, together with more frequent sampling of the reticulocyte 
blood, may well bring more satisfactory data to light. 

After completion of this manuscript a publication by Burt et al. (15) 
appeared, describing the changes in pentose and desoxypentose nucleic acid 
content of rabbit blood during the development of reticulocytosis. Owing 
to slight differences in procedure, a rigorous comparison of results is not 
possible, but in general our results agree with theirs. 
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SUMMARY 
1. Reticulocytosis was induced in rabbits by the injection of phenylhy- 
drazine. The individual quantitative changes in the ribose nucleic acid 
and desoxyribose nucleic acid, as well as the incorporation of radioactive 
L-leucine into the proteins of the reticulocytes, were followed over a period 


of 7 days. 

2. Development of reticulocytosis is accompanied by a substantial in- 
y crease in the nucleic acid content. This increase is accounted for almost 
n entirely by the ribose nucleic acid. 

. 3. The rise in the ribose nucleic acid content of the reticulocytes is closely 


paralleled by the amount of radioactive t-leucine incorporated into the 
proteins tn vitro. 

4. The results are compatible with the view that ribose nucleic acid is 
closely associated with amino acid incorporation in embryonic tissues and 
é that desoxyribose nucleic acid plays only a minor réle. 


The authors wish to express their sincere appreciation to Dr. Henry Bor- 


: sook for suggesting the problem and for continued advice and encourage- 
t. 
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THE PATH OF CARBON IX PHOTOSYNTHESIS* 
XV. RIBULOSE AND SEDOHEPTULOSE 


By ANDREW X. BENSON, JAMES A. BASSHAM, MELVIN CALVIN, 
A. G. HALL, II. E. HIRSCH, S. KAWAGUCHI, 
V. LYNCH, ano X. E. TOLBERT 


(From the Radiation Laboratory and the Department of Chemistry, University of 
California, Berkeley, California) 


(Received for publication, December 12, 1951) 


The intermediates of carbon dioxide reduction by plants include phos- 
phorylated derivatives of hydroxy acids and sugars. Their identification 
became possible when the use of labeled carbon dioxide permitted dis- 
crimination between the earliest products and the many other components 
of photosynthetic tissues. A number of compounds were identified by 
virtue of the chemical and physical properties of the radioactive compounds 
in tracer amounts and by direct comparison of these properties with those 
of suspected known metabolic intermedi:tes. 

It became apparent that several labeled compounds found in short ex- 
posures of green tissue to radioactive carbon dioxide were not substances 
previously identified as metabolic intermediates. Two phosphate esters in 
particular were observed in the products of the first few seconds of steady 
state photosynthesis by all the photosynthetic microorganisms and higher 
plants examined in this laboratory. These esters have been isolated by 
paper chromatography in tracer quantities and enzymatically hydrolyzed 
to give two sugars, ribulose and sedoheptulose. This paper contains a 
description of the chemical identification of these sugars and some obser- 
vations and suggestions regarding the function of their esters. 

The general importance of these compounds in photosynthesis was sur- 
mised before their identification. The products of photosynthesis with 
CO, by each plant included phosphate esters of the same two compounds, 
then unknown, in addition to those of the expected glucose, fructose, di- 
hydroxyacetone, and glycerie acid (Fig. 1). As the time of steady state 
photosynthesis in C0, decreased, the fractions of total fixed radiocarbon 
in the esters of the two unidentified compounds increased. 

Normally, the sugars involved in the early stages of photosynthesis are 
first isolated as phosphate esters (1). These are eluted and hydrolyzed 
enzymatically; chromatography then gives the pure sugars (Figs. 2 and 3). 

»The work described in this paper was sponsored by the U. S. Atomie Energy 
Commission. 
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In some cases, however, depending on the condition of the plant and the 
method of killing and extracting leaves, the free sugars were found upon 
two-dimensional paper chromatography of the original cell extract (Fig. J). 

Rechromatography of the two unidentified phosphorus-free compounds 
demonstrated their stability. Their positions on the chromatogram, as 
well as the pH independence of their distribution coefficients, showed them 
to be neutral. Since their Ry values were much greater with lutidine-water 


q 


Fic. I. C-labeled phosphate esters formed during 60 seconds photosynthesis by 
Scenedesmus. The chromatogram was developed until the faster moving phosphates 
approached the edge of the paper to effect better separation of these esters. 


than with acidic solvents like formic acid-glycol dimethyl ether, their 
polyhydroxylated nature was indicated. Moreover, acetylation gave poly- 
acetates with very high distribution coefficients compared to the original 
compounds. Bromine water had no pronounced effect on either of the two 
compounds, since they were largely recovered upon rechromatography of 
the reaction mixture. Aldoses, enolic compounds, or unsaturated sugars 
would have given products with solubility characteristics very different 
from those of the unknowns. These tests led to the suspicion, later con- 
firmed, that the two compounds were ketoses. The following evidence led 
to the identity of the first compound, sedoheptulose. 
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Under the conditions of Neuberg and Strauss (2), some 2 , 4-dinitrophenyl- 
hydrazone was formed from the radioactive compound, but the reaction 
was incomplete at room temperature or when the mixture was heated for a 
few hours. Without added carrier, the reaction with the reagent was de- 
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Fic. 2. Hydrolyzed phosphates from 5 seconds and 5 minutes photosynthesis by 
soy bean leaves. 


tected by rechromatography or measurement of the distribution coefficient 
of the products. With added mannose, the radioactive compound formed 
an osazone which was difficult to separate by recrystallization from the 
2. 4-dinitromannosazone. 

Sedoheptulose is converted to a bicyclic anhydride when heated in dilute 
acid (3, 4). The radioactive compound was converted to a new compound 
under the same conditions. The first clue to the nature of this reaction, 
easily recognized by the marked change of chromatographic position after 
treatment with acid, came as a result of the lack of appearance of much of 
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MYOROLYZED MONOPHOSPHATE S 
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Fic. 3. Hydrolyzed phosphates from 4 minutes photosynthesis by Scenedesmus 
(monophosphate area). 


—— 


Fic. 4. C-labeled products of 60 seconds photosynthesis by barley leaves, show- 
ing the results of phosphatase action during extraction. 
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the radioactivity in CO, formic acid, or formaldehyde upon periodate 
oxidation of the acid-treated product. Analogy with the chromatographie 
coordinates of fructose and its anhydrides' and the absence of any known 
sugars in the area occupied by the acid-treated product on the chromato- 
gram were added evidence for a cyclic anhydride. La Forge and Hudson 
(3) reported an equilibrium constant of 4.0 for the dehydration of sedo- 
heptulose. The same constant was deduced for the unknown radioactive 
sugar from measurements of the radioactivity of the chromatographically 
separated products from the equilibrium mixture. Reversibility of the de- 
hydration was demonstrated by chromatographing the equilibrium mixture 
of sugar and anhydride obtained by heating the pure radioactive anhydride 
in acid solution. 

Catalytic hydrogenation of the sugar in tracer quantities presented the 
problem arising from the irreversible adsorption on the catalysts. Raney 
nickel adsorbed almost all of the product. Adsorption was negligible with 
small amounts of platinic oxide and added fructose or glucose for carrier. 
Chromatography of the resulting polyol gave a single radioactive spot. 

The carbon skeletons and stereochemical structure of the previously 
recognized hexoses and 3-carbon intermediates of photosynthesis did not 
suggest the nature of the unknown compound. The first evidence of the 
carbon structure, aside from chromatographic coordinates which are valu- 
able aids to identification (5), came from the results of oxidation of the 
uniformly labeled compound with periodate. After 5 minutes of photo- 
synthesis, hexoses and C compounds have been shown to have uniform 
C" distribution (6-8). Periodic acid oxidation of fructose gives | mole of 
glycolic acid, 3 moles of formic acid, and | mole of formaldehyde (90. The 
unknown compound, isolated from tae products of 5 minutes photosynthesis 
in CO, by a soy bean leaf, gave 14.8 per cent of the original radioactivity 
in formaldehyde, 55 per cent in formic acid, and 28 per cent in a non- 
volatile residue which was identified chromatographically as glycolic acid. 
The unknown anhydride prepared from the same sugar gave 14 per cent 
of its activity as formic acid but none as formaldehyde. The remaining 
radioactivity was non-volatile. 

Periodate degradation of the chromatographically purified polyol de- 
rived from the unknown sugar by hydrogenation gave radioactivity in 
formic acid and formaldehyde in the molar ratio of 3:1. Although the 
deviation from the theoretical 2.5 for a heptitol was possibly due to experi- 
mental error, the striking difference from the hexitol ratio, 2.0, was the first 
clear evidence that the unknown contained more than 6 carbon atoms. 

The final identification of the radioactive sugar and its anhydride was 


We are indebted to Professor L. Sattler for samples of several fructose anhydrides. 
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confirmed by two-dimensional cochromatography with authentic specimens 
of sedoheptulose and sedoheptulosan respectively. Precise concurrence of 
the radioactivity and the added sugars was observed by comparison of the 
radiograms with the colored areas produced by reaction with sprayed re- 
sorcinol (Fig. 5). 

The second radioactive compound, ribulose, was identified by the fol- 
lowing evidence. 

The radioactive sugar was reduced in good yields to a compound with 
Ry values characteristic of the pentitols. The proximity of ribitol and 
arabitol in chromatograms precluded distinction by Rr measurements 


Fic. 5. Left, spraved paper containing 50 / each of sedoheptulose and sedoheptu- 
losan. Right, radiogram of the same paper, showing positions of („ and (// the 
designations given the radioactive sedoheptulose and sedoheptulosan respectively 
before their identification. 


alone. On a cochromatogram, the reduced radioactive compound coin- 
cided exactly with added ribitol but not arabitol. 

A prominent property of the sugar diphosphate when present in tracer 
quantities was the instability toward oxidation, particularly in alkaline 
solution. When radioactive ribulose diphosphate dissolved in dilute aque- 
ous diethylamine solutions was exposed to the air for 4 days, the products 
had the chromatographic coordinates characteristic of phosphoglyceric and 
phosphoglycolic acids. These phosphates were eluted, treated with phos- 
phatase, and rechromatographed to give glyceric and glycolic acids and an 
acid suspected to be erythronic acid. These are products to be expected 
from oxidation of a ketopentose, either between carbon atoms 2 and 3 or 
between carbon atoms | and 2. 

Further evidence for the stereo structure of the radioactive sugar was 
obtained by successful cochromatography of its epimers, prepared in pyri- 
dine, with those obtained by similar treatment of ribose and arabinose. 
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For final identification, the radioactive sugar was cochromatographed with 
an authentic specimen of ribulose and precise concurrence of the radio- 
activity with the added sugar was observed. 

After the phosphate-free compounds had been identified as sugars, the 
chromatographic position of the heptose phosphate among the known 
hexose monophosphates indicated that it too was a monophosphate, while 
the position of the major ribulose phosphate near the origin suggested that 
it was probably a diphosphate (Fig. 1). These surmises were further con- 
firmed by determining the P:C ratios? in chromatographically isolated 
compounds saturated with P® and Ci“. 


EXPERIMENTAL 


Sources of Ribulose and Sedoheptulose—Both of these sugars were observed 
in radiograms of barley extracts, such as that shown in Fig. 4. These were 
eluted for chemical tests. Because of the proximity of alanine to ribulose 
and of serine and glucose to sedoheptulose in chromatograms, it was diffi- 
cult to obtain pure samples without rechromatography. For such specific 
separation, the solvent is run off the paper until the product approaches 
the edge of the sheet of Whatman No. | paper and has traveled about 50 cm. 
The position of the compound on the paper is known from its relationship 
to dyes (tropeolin, crocein scharlach, and ponceau 4-R) placed just be- 
neath the samples at the origin. Chromatographic coordinates of tropeolin 
(orange II), Rr with phenol 0.75, Rp with butanol-propionic acid 0.68, are 
particularly reproducible. 

Larger amounts of these sugars were obtained upon hydrolysis of phos- 
phate esters by appropriate phosphatase preparations. The eluate from a 
cut out wedge of the chromatogram (about 100 to 200 ul.) was concentrated 
by evaporation in a stream of nitrogen gas to about 50 ul. and 100 to 300 y 
of polidase in 10 ul. of water were added. After incubation under toluene 
for 1 to 3 days at 35°, the products were chromatographed and the radio- 
active sugars observed in radiograms such as those in Figs. 2 and 3, in 
which are shown hydrolysates of the compounds eluted from the hexose 
monophosphate area in chromatograms of all soluble products from a 4 
minute period of steady state photosynthesis by the alga Scenedesmus. 
Labeled sedoheptulose was obtained most conveniently by hydrolysis of the 
phosphates formed during photosynthesis by soy bean leaves in which the 
relative amount of sedoheptulose phosphates is higher than in other plants 
investigated. After being heated with acid, the eluate containing the 
sedoheptulose was rechromatographed and the sugar was found to be con- 
verted in about 80 per cent yield to sedoheptulosan with Ry in phenol of 


* Benson, A. A., in press. 
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0.69 and in butanol-propionie acid of 0.35. Ribulose was obtained in a 
similar manner by hydrolysis of ribulose diphosphate, which is produced in 
the highest concentrations by very young cultures of Scenedesmus. 

Sugar phosphates formed by a variety of organisms and under several 
conditions were hydrolyzed enzymatically and rechromatographed. The 
radioactivity in each of the resulting free sugars was counted and the relative 
amounts of radioactivity are given in Table I, where the quantity of radio- 
carbon found in each sugar is expressed as a percentage of total radiocarbon 
found in the four sugars. 

Anhydride Formation of Sedoheptulose—A sample of radioactive sedo- 
heptulose obtained by elution from a chromatogram of the products of 


Taste I 
Relative Amounts of Phosphorylated Sugars 
Organism | Ghacese | Fructose! Sag, 
synthesis 
min, per cont | per cont | per cont | per cent 
Rhodospirillum rubru mn 2 50 | 20 15 15 
Scenedesmus D, (1 day od 7) 5 10 10 16 31 
“ Z 2 52.5 16.6 2 | 19 
Chlorella 40 | 14 
Barley seedling leaves (var. Sacramento)... 1 33 186 17 | 13 
Sugar beet leaf (mat ure oa | 5 | 60 2 5 | 10 
| § 24 36 1 
Kalanchoe bloesfeldiana | @ 18 


— —— — — — — 


hydrolysis of — esters — * —— in soy bean leaves 
was heated 30 minutes in & hydrochloric acid on a steam bath. The solu- 
tion was evaporated in a stream of air at 40° and the material was rechro- 
matographed. The separated products were eluted and counted on 3 em. 
disks. The unchanged sugar gave a total of 7490 ¢.p.m. and the anhydride 
gave 30,300 c. p. m.; therefore, the equilibrium constant was 4.0 for the con- 
version of sugar to anhydride. 

Hydrogenation of Tracer Amounts of Sugars—C"-labeled fructose was 
eluted from chromatograms’ of photosynthesis products and hydrogenated 
in a 2 ml. stainless steel bomb with 2 mg. of Raney nickel catalyst at 100° 
and then at 150° and 135 atmospheres during 10 hours of shaking. When 
the catalyst was separated by centrifugation, less than 10 per cent of the 

The amounts of labeled sugars used in these experiments were of the order of 
1 to 5 
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radioactivity remained in solution. Exhaustive washing of the catalyst 
failed to remove an appreciable quantity of the product. The small amount 
of material was identified by cochromatography with mannitol. 

When the same amount of fructose-C" was hydrogenated at 90° for 20 
hours with 10 mg. of Adams’ catalyst in 1.5 ml. of 50 per cent ethanol, the 
catalyst adsorbed only 10 per cent of the product. Negligible adsorption 
was observed when labeled ribulose and sedoheptulose were reduced with 
to 2 mg. of Adams’ catalyst and 100 y of glucose for carrier. 

The reduction product of ribulose had Ry values corresponding to those 
of ribitol (in phenol, 0.54; in butanol-propionic acid, 0.25) and was located 


nearer the origin than alanine, while the coordinates of ribulose exceeded 


those for alanine by 10 per cent in both solvents. 

Sedoheptitol had chromatographic coordinates closely approximating 
those of glucose (Ry in phenol, 0.36; in butanol-propionic acid, 0.15), while 
the coordinates of the original heptulose were Ie 0.42 in phenol and 0.16 in 
butanol-propionic acid. 

An authentic specimen of sedoheptitol was prepared from 200 Y of natural 
sedoheptulose* by hydrogenation. The radioactive heptitol was chromato- 
graphed together with 100 y of the synthetic product. Exact coincidence 
of the radioactivity and the authentic heptitol was observed when the radio- 
gram was compared with the black silver deposit produced by spraying the 
chromatogram with Tollens’ reagent. This reagent was prepared by adding 
concentrated ammonium hydroxide to saturated aqueous silver nitrate in 
the usual manner and then diluting with methanol to a final concentration 
of 0.3 u Ag(NH;).**. The black spots for sugars or glycols are developed 
by heating the sprayed chromatogram. It is sometimes desirable to remove 
phenol and quinone by autoclaving the paper briefly before spraying it with 
the reagent. Brown silver oxide background is removed by washing the 
paper with water and a solution of Kodak liquid x-ray fixer.” 

Cocrystallization of 2,4-Dinitrophenylhydrazones of Labeled Ribulose and 
Arabinose—A solution of 14.7 mg. of p-arabinose and 7300 Cc. pm. of chro- 
matographically isolated labeled ribulose was heated 24 hours at 100° with 
58 mg. of 2 ,4-dinitrophenylhydrazine in 2 & hydrochloric acid, according to 
the method of Neuberg and Strauss (2). The product was washed with 
water, dried, and recrystallized from ethanol and methyl Cellosolve to a 
constant specific radioactivity of 154 ¢.p.m. per mg., 4 per cent above the 
theoretical value. 

Periodate Oxidation of Radioactive Sedoheptulose—To a solution of radio- 
active sedoheptulose which gave 28,600 ¢.p.m. were added 102.5 mg. of 
barium formate, formaldehyde equivalent to 41 mg. of formaldomedone, 


* Kindly supplied by Dr. E. W. Putman. 
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101.5 mg. of barium carbonate, 0.7 ml. of 6 & hydrochloric acid, and 0.2 ml. 
of 0.205 N periodic acid in a closed flask. After 3 days, enough sodium 
hydroxide was added to neutralize the reaction mixture. The formaldehyde 
was distilled in vacuo into excess dimedon solution, which upon acidification 
gave formaldomedone with a specific activity of 100.6 ¢.p.m. per mg. after 
several recrystallizations from aqueous ethanol. Thus, 4130 ¢.p.m. or 14.4 
per cent of the radioactivity was present in —CH,OH groups. The con- 
tents of the original flask were acidified and the volatile contents were dis- 
tilled in vacuo into carbonate-free sodium hydroxide solution. Barium 
chloride was added and 78 mg. of an expected 115 to 120 mg. of barium 
er rbonate were obtained. Its specific activity was 5.1 ¢.p.m. per mg., 
which indicates that about 2 per cent of the original activity was converted 
to carbon dioxide. After centrifuging the barium carbonate, the solution 
was acidified and distilled with steam. Barium formate obtained upon 
neutralization and concentration of the distillate had a specific activity of 
153 c. p. m. per mg. after two recrystallizations from water-alcohol, indicating 
that 15,650 ¢.p.m. or 55 per cent of the original activity was present in 
—CHOH groups. 

Periodate Oxidation of Sedoheptulosan—A solution containing 20,000 ¢.p.m. 
of radioactive sedoheptulosan was oxidized as above with 49.8 mg. of bar- 
ium formate and formaldehyde equivalent to 41 mg. of formaldomedone. 
The observed specific activity of the formaldomedone was zero. That of 
the recrystallized barium formate was 59 c.p.m. per mg., indicating that 
2940 c. p. m. or 14.7 per cent of the original radioactivity was present in 
—CHOH groups. The residue in the flask gave 17,600 c. pm. or 88 per 
cent of the original radioactivity. 

Periodate Oxidation of Sedoheptitol—A chromatographically purified sam- 
ple of 12,800 c. p. m. of sedoheptitol was oxidized as above with 100 mg. of 
barium formate and formaldehyde equivalent to 41 mg. of formaldome- 
done. The specific activity of the barium formate was found to be 100 
c. p. m. per mg.; hence 10,000 c. p.m. were contained in —CHOH groups. 
The formaldomedone gave 80.5 ¢.p.m. per mg. or 3300 in —CH.OH 
groups. Since the sum of radioactivity in these products was only 91 to 
96 per cent of the starting radioactivity, the oxidation may have been in- 
complete. The ratio of the two radioactivities, 3.0, is perhaps the most 
reliable observation. 

Epimerization of Ribulose—Authentic ribulose and xylulose were prepared 
by heating arabinose, ribose, and xylose for 4 hours in pyridine according to 
the method of Schmidt and Treiber (10). 

Samples of pyridine solutions containing 1 mg. of sugars were examined 
by two-dimensional chromatography. The yield of ketose was small as 
demonstrated by spraying with methanolic Tollens’ reagent. With Roe’s 
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reagent (resorcinol-hydrochloric acid in ethanol) only the ketoses were de- 
tected, giving gray-green spots. The solution containing ribulose was co- 
with the radioactive ribulose and gave exact coincidence. 
Xylulose was found to have an identical position, with a minor radioactive 
compound separable from but close to ribulose. This radioactive com- 
was resistant to bromine water. Its accumulation among the prod- 

ucts of photosynthesis is much slower than that of ribulose. 

Radioactive ribulose was epimerized by heating in pyridine with a 
small amount of arabinose. The products were chromatographed with 50 y 
each of p-arabinose and p-ribose. The resultant radiogram had three 
major radioactive areas. One was the original ribulose; the others coin- 
cided exactly with the positions of the added pentoses which were observed 
by spraying the chromatogram with aniline-trichloroacetic acid reagent. 


Sedoheptulose accumulates during photosynthesis in many of the suc- 
culent plants (11-13).5 In view of the chemical identification of sedoheptu- 
lose monophosphate in a wide variety of plants and of free sedoheptulose 
in some Saxifragaceae (14) and Primulaceae (15), it now becomes apparent 
that accumulation of the sugar in succulents may represent special cases of 
the interrelationships obtained in all photosynthetic organisms. 

Synthetic ribulose (adonose) is well known, but its general natural occur- 
rence in plant tissues has not been previously recognized. Ribitol (adoni- 
tol) was first isolated from Adonis vernalis (16,17). The general occurrence 
of p-ribose and p-arabinose, which was predicted by Fischer after his study 
of ribitol (18), suggests the probable natural occurrence of their epimer, 
p-ribulose. Since the yield of ribulose from epimerization of ribose or 
arabinose is quite low (10), the equilibrium among the three epimers may 
strongly favor accumulation of the two aldoses, while a low concentration 
of the ketose might be anticipated in biological systems. Cohen and Scott 
(19) obtained from bacteria a pentose phosphate related to ribose and 
arabinose, and Horecker and Smyrniotis (20) obtained a ketopentose phos- 
phate fraction which they felt was ribulose-5-phosphate. However, ribu- 
lose phosphates have not previously been obtained from photosynthetic 
organisms. 

The close relationship between the structure of sedoheptulose and that 
of p-ribulose strongly suggests a synthetic relationship. The configuration 
of C-3 and C-4 of ribulose is identical with that of C-5 and C-6 of sedo- 
heptulose. The recent results of Rappoport, Barker, and Hassid (21) and 
Lampen, Gest, and Sowden (22) require the ultimate cleavage of an aldose 


* Putman, E. W., and Moran, R., unpublished. 
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by an acyloin type of reaction. These authors pointed out that such 
cleavage most likely involves a 2-ketose intermediate. Similar cleavage of 
sedoheptulose would give glycolaldehyde (diose) and p-ribose, which could 
isomerize to p-ribulose. Subsequent cleavage of the pentose would give 
diose and a triose. It appears reasonable from the compounds available 
in plants and the apparently universal aldolase activity in leaves (23) that 
diose and dihydroxyacetone could condense to form xylulose, as suggested 
by Hough and Jones (24). 

None of these sugars is stereochemically related to glucose by a simple 
sequence of reactions. One of the functions of these compounds may be 
to serve as sources of 2-carbon molecules capable of accepting carbon di- 
oxide to form phosphoglycerate during photosynthesis. The concurrent 
syntheses of fructose and sedoheptulose may represent steps in carbohydrate 
synthesis and in regeneration of the required carbon dioxide acceptors 
respectively. 


Ch., on 
Cu. On 
E. on 
— ˙¹ 
H—C=0 HC—OH 
HC—OH 
Ch. Cn. on 
p-Glyceraldehyde p-Fructose 
CH,OH 
— cH.on 
CH:0H 
— 
HC=0 on 
HCOH 
HCOH * 
CH. OH 


p-Erythrose Sedoheptulose 


BENSON, BASSHAM, CALVIN, HALL, HIRSCH, KAWAGUCHI, LYNCH, 715 
AND TOLBERT 


The fact that the two predominant carboxylations of photosynthesis (6) 
result in Cs and C. compounds leads one to expect a condensation of the C: 
and C, sugars to give sedoheptulose. , 

Aldolase, acting stereochemically in a manner analogous to that by which 
it forms fructose, would result in sedoheptulose if erythrose were substi- 
tuted for glyceraldehyde in the condensation. This configurational rela- 
tionship is represented by the accompanying pair of schematic reactions. 
It is of interest to point out that mannoheptulose, the other naturally oc- 
curring heptulose, is configurationally related to galactose, as sedoheptu- 
lose is to glucose. This may indicate a corresponding biosynthetic rela- 
tionship (25). 

SUMMARY 

Sedoheptulose and ribulose phosphates have been identified in a varied 
group of photosynthetic organisms. These phosphates are among the 
earliest sugar phosphates formed during photosynthesis. 

The biosynthetic relationships of sedoheptulose and ribulose are dis- 
cussed. It is suggested that they are not directly involved in hexose 
synthesis but may serve as sources of C: carbon dioxide acceptors required 
during photosynthesis. 

BIBLIOGRAPHY 


1. Benson, A. A., Bassham, J. A., Calvin, M., Goodale, T. C., Haas, V. A., and 
Stepka, W., J. Am. Chem. Soc., 78, 1710 (1950). 

2. Neuberg, C., and Strauss, E., Arch. Biochem., 11, 457 (1946). 

3. La Forge, F. B., and Hudson, C. S., J. Biol. Chem., 30, 61 (1917). 

4. Pratt, J. W., Richtmyer, N. K., and Hudson, C. S., J. Am. Chem. Soc., 78, 1876 
(1951). 

5. Isherwood, F. A., and Jermyn, M. A., Biochem. J., 48, 515 (1951). 

6. Calvin, M., Bassham, J. A., Benson, A. A., Lynch, V., Ouellet, C., Schou, L., 
Stepka, W., and Tolbert, N. E., Carbon dioxide fixation and photosynthesis, 
Symposia of the Society for Experimental Biology, Cambridge, 5 (1950). 

7. Aronoff, S., and Vernon, L., Arch. Biochem., 28, 424 (1950). 

8. Gibbs, M., CO, assimilation reactions in biological systems, Brookhaven Na- 
tional Laboratory, Upton, 139 (1950). 

9. Sprinson, D. B., and Chargaff, E., J. Biol. Chem., 164, 433 (1946). 

10. Schmidt, O. T., and Treiber, R., Ber. chem. Ges., 6 B, 1765 (1933). 

II. Bennett-Clark, T. A., New Phytologist, 32, 128 (1933). 

12. Proner, M., Bull. sc. pharmacol., 48, 7 (1936). 

13. Nordal, A., and Klevstrand, R., Acta chem. Scand., 6, 85 (1951). 

14. Nordal, A., and Oiseth, D., Acta chem. Scand., in press. 

15. Nordal, A., and Oiseth, D., Acta chem. Scand., in press. 

16. Podwykssozki, W. V., Arch. Pharm., , 141 (1889). 

17. Merck, E., Arch. Pharm., 281, 129 (1893). 

18. Fischer, E., Ber. chem. Ges., 28, 633 (1893). 

19. Cohen, S. S., and Scott, D. B. M., Science, 111, 543 (1950). 


t 
7 
4 
7 
i, 
} 
* 
4 
i 
€ 
i 
4 


716 PATH OF CARBON IN PHOTOSYNTHESIS. XV 


20. Horecker, B. L., and Smyrniotis, P. Z., Arch. Biochem., 29, 232 (1950) ; Federation 
Proc., 10, 199 (1951). 

21. Rappoport, D. A., Barker, H. A., and Hassid, W. Z., Arch. Biochem. and Biophys., 
31, 326 (1951). 

22. Lampen, J. O., Gest, H., and Sowden, J. C., J. Bact., 61, 97 (1951). 

Tewfik, S., and Stumpf, P. K., Am. J. Bot., 36, 567 (1949). 

Hough, L. K. N., J. Chem. Soc., 1122 (1951). 

Robison, R., Macfarlane, M. G., and Tazelaar, A., Nature, 142, 114 (1938). 


+ 
* 
& 


ANION EXCHANGE CHROMATOGRAPHY OF ACIDS OF 
THE CITRIC ACID CYCLE 
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The demonstration of the accumulation of citrate in vivo in the presence 
of fluoroacetate and the specific modification of this effect produced in 
various organs by the injection of malonate (1-4) have increased the 
desirability of isolation and quantitative determination of the acids of 
the Krebs cycle and related substances. Further, proposed studies in- 
volving the use of radioactive tracers require the isolation of these acids 
in pure form. Although partition chromatography by means of silica gel 
columns has been used with notable success for separation of some of these 
acids (5-8), difficulties in the separation of certain pairs of acids, such as 
lactic and succinic, and limitations on the quantities of acids resolvable, 
led us to the use of ion exchange chromatography (9). While ion exchange 
resins were used for separation of the acidic group of amino acids from the 
neutral and basic groups (10, 11), the use of these resins for chromato- 
graphic separation of individual amino acids was first reported by Stein 

and Moore (12, 13). Recently, Cohn has described the separation of 
nucleotides and purine and pyrimidine bases by ion exchange columns 
(14). This study is an extension of the use of these resins to the separa- 
tion of acids of the Krebs cycle. 


Materials and Methods 


Dowex 1 (Formate Form)—The resin was obtained from the manufac- 
turer' in the chloride form. The finer particles of the 300 to 500 mesh 
mixture were removed by discarding the supernatant after centrifugation 
of an aqueous suspension at 500 r.p.m., or by decantation of the finer 
particles after the resin had been suspended in water and the bulk of the 
coarse particles had settled. A batch of resin (600 ml. of resin bed) suf- 
ficient for the preparation of approximately 50 columns for analytical use 
was poured into a large glass column fitted with a sintered glass disk near 
the bottom; this disk was covered with glass wool. A solution of sodium 
formate (1 m) was passed through the resin bed until no further turbidity 

* Postdoctoral Research Fellow of the National Cancer Institute, United States 
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developed in the effluent on addition of an acidic solution of silver nitrate. 
Approximately 1 liter of sodium formate solution was required for each 
25 ml. of resin bed for conversion to the formate form. After the resin 
was washed with distilled water, it was stirred in a small aqueous volume 
to make a thick slurry, which was then poured into a storage flask. 

Silica Gel—The gel was prepared by methods previously described (5, 7). 
For separation of malonic, citric, and isocitric acids, columns containing 
1 gm. of gel were developed with 35 per cent butanol-chloroform after 
addition of the sample (7). 

Acids—Pyruvic acid was supplied by Dr. G. A. LePage; Dr. R. H. Burris 
provided a sample of cis-aconitic acid; dimethylisocitric lactone was fur- 
nished by Dr. Alton Meister; a-ketoglutaric acid had been prepared by 
Dr. W. W. Ackermann; and oxalacetic acid had been prepared by Dr. 
Charles Heidelberger. The other acids used were commercial prepara- 
tions of highest purity available. 

Apparatus To obtain a uniform gradual increase in acidity in the resin 
bed, an apparatus was used which consisted of a reservoir of concentrated 
formic acid, a mixing flask, and a glass column containing the resin. Drops 
of eluate from the resin column were collected in large test-tubes via the 
Technicon automatic fraction collector,’ generally set to collect 40 drops 
(approximately 2.0 ml.) per tube. A controlled air inlet, equipped with a 
manostat? and an air filter, admitted air to the system at a pressure suf- 
ficient to force fluid from the reservoir, through the mixing flask, and finally 
through the resin column. The reservoir was a 500 ml. filter flask contain- 
ing 6 N formic acid. The mixing flask was a 200 ml. round bottom flask, 
initially containing 200 ml. of distilled water. To insure thorough mixing 
of the concentrated acid entering the mixing flask and the dilute aqueous 
solution within, a magnetic stirring bar, encased in acid-resistant plastic, 
was placed within the flask and spun at a rapid rate under the influence of 
a rotating magnetic field.“ The resin column was prepared by adding a 
slurry of resin to a glass column 1 cm. in diameter, previously fitted with a 
removable sintered glass disk and above the glass disk a circular paper 
disk crimped up around the edges to prevent escape of the resin. After 
the resin settled, a pledget of glass wool was placed above the column. The 
height of the resin column was 11.5 cm. and the column contained 9.1 ml. 
of resin bed. After the sample and wash solution had been forced into 
the resin bed, 15 ml. of distilled water were added to the glass column 
above the resin bed and the column was then set in place in the apparatus. 
The small volume of water above the resin bed provided a second volume 


2 Technicon Chromatography Corporation, 215 E. 149th Street, New York, 51. 
Moore Products Company, H and Lycoming Streets, Philadelphia, 24. 
‘Arthur H. Thomas Company, Philadelphia. 
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for mixing acid with water and hence slowed the increase of acid concen- 
tration entering the resin bed. Eluate was collected at a rate of 10 to 12 
drops per minute (14) and the usual air pressure required to produce this 
rate was 3 to 5 pounds per sq. in. 

Concentration of Formic Acid—The concentration of formic acid in the 
eluate was not appreciable until five fractions had been collected. From 
that point, the normality rose slowly at first, reaching 0.1 N at Fraction 15, 
IN at Fraction 25, 3 N at Fraction 65, and 5 N at Fraction 140; the maxi- 
mum of 6 N was approached asymptotically. 

Desiccation—Various individual desiccants and mixtures of desiccants 
were tested for their efficiency in removing formic acid and water from the 
fractions collected. A mixture of calcium chloride and sodium hydroxide 
in an approximate ratio of 2:1 was found to remove all the water and 
formic acid from 50 to 75 fractions (about 150 ml.) in 6 to 10 hours. Desic- 
cation was effected in heated vacuum desiccators at 25 to 30 mm. of mer- 
cury; heat was supplied by infra-red lamps suspended above the desiccators. 


Inasmuch as the acids varied considerably with regard to volatility and 


tendency to sublimation, the vacuum utilized was not the maximum ob- 
tainable and for maximal recovery it was important also to remove the 
source of heat as soon as possible after the tubes were dry. 

Preparation of Tissue Samples—Kidneys obtained from adult female rats 
were used in these experiments. The rats weighed 180 to 200 gm. and 
were purchased from the Holtzman-Rolfsmeyer Rat Company. To show 
the utility of the method, the effects of two inhibitors on the positions 
and quantities of acids emerging from the resin column were determined: 
(1) fluoroacetate was injected intraperitoneally (15) in a dosage of 3.5 mg. 
per kilo and 3 hours later the rats were decapitated and the kidneys ex- 
cised; (2) sodium malonate was injected subcutaneously in a dosage of 
1.2 ml. of 1 m solution per 100 gm., followed 1 hour later by one-half this 
dose (4). 2 hours after the first injection, the rats were decapitated and 
the kidneys were excised. The kidneys were chilled, weighed, and ho- 
mogenized (16) with 1.3 ml. of 0.6 N perchloric acid per gm., wet weight, 
of tissue. The final concentration of perchloric acid produced, 0.33 N, 
was shown to result in maximal precipitation of protein by this reagent. 
The homogenate was centrifuged for 10 minutes at 1500 r.p.m., and the 
protein precipitate was washed twice with a volume of 0.33 N perchloric 
acid equal to the volume of the first supernatant solution. The super- 
natant solutions were combined, neutralized with 2 n KOH, and cen- 
trifuged in the cold to precipitate the potassium perchlorate, a salt of 
very limited solubility in aqueous solutions. The supernatant solution 
was then filtered into the column. After this solution had been forced 
into the resin bed, the perchlorate precipitate was washed once and this 


44 

* 

* 

4 

0 
⁊ | 
1 

. 


720 CHROMATOGRAPHY OF CITRIC ACID CYCLE 


wash solution was also forced into the resin bed. The neutral effluent 
emerging from this initial procedure was collected separately. Water was 
added above the resin bed and the column was then placed in operation as 
described above. 

Determinations—Citrate (17), lactate (18) and pyruvate and a-keto- 
glutarate (19) were determined by standard methods. Solid acids were 
determined by titration with 0.01 n NaOH. 


Results 


Emergence of Acid Peaks—After the positions of the peaks of individual 
acids had been determined, a mixture of known acids of the Krebs cycle 
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and the closely related amino acids, glutamic and aspartic, was subjected 
to the procedure. The chromatogram is illustrated in Fig. 1. The amino 
acids were eluted first, and in a single band. These were followed by a 
band of lactic acid generally emerging in two or three fractions. Succinic 
acid emerged several fractions after the last of the lactic acid and was 
followed by malic acid. Fractions 50 to 65 contained a mixture of pyruvic, 
malonic, citric, and isocitric acids, and the position of this group is ap- 
proximated by pyruvic in Fig. 1. The fumaric acid peak emerged in Frac- 
tions 80 to 95, followed by a-ketoglutaric acid in Fractions 105 to 120 and 
finally cis-aconitic acid, which appeared as a long low peak. 

To separate the acids found in Fractions 50 to 65, the tubes containing 
the acid eluate were each treated with 1 ml. of 2, 4-dinitrophenylhydrazine 
and then incubated for 10 minutes at 28°. After two extractions with 
ethyl ether, the entire procedure was repeated; the phenylhydrazone of 
pyruvic acid and most of the phenylhydrazine were removed by the ether. 
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These tubes, along with all others collected, were subjected to desiccation. 
Solid citric and malonic acids, isocitric lactone, and traces of phenylhy- 
drazone remained in the test-tubes after desiccation. After the acidity 
was titrated, excess alkali was added and the solutions were placed in a 
boiling water bath for 1 hour to hydrolyze the isocitric lactone. Inasmuch 
as isocitric lactone and malonic acid are not separated by the silica gel 
column under the conditions utilized, it was necessary to convert the iso- 
citric lactone to isocitric acid, which was separated (Fig. 2), and quantita- 
tively transfer the latter to the organic phase. Quantitative transfer of 
the acids to the organic phase from an acidified aqueous solution® was 
effected by the transfer technique of Marshall, Orten, and Smith (5). 
The mixture of acids, dissolved in 35 per cent butanol-chloroform, was 
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chromatographed on a 1 gm. silica gel column, developed with 35 per cent 
butanol-chloroform (7). The traces of phenylhydrazone emerged in the 
first fraction collected, while the malonic, citric, and isocitric acids emerged 
as shown in Fig. 2. | 

Recovery—Table I presents data on recovery of acids when added to the 
anion column singly or in mixtures. Recovery of acids was not signifi- 
cantly different when a mixture of acids was carried through the entire 
procedure (Table II, Experiment A). There was no change in the posi- 
tions or recovery of the emergent acids when a mixture was made 0.33 N 
with respect to perchloric acid and the perchlorate was precipitated as the 
potassium salt in accordance with the procedure presented under Prepa- 
ration of tissue samples” (Table II, Experiment B). Although most acids 
were determined by titration, lactate and pyruvate were determined colori- 
5 Considerable formation of the lactone (50 to 75 per cent) was found when the 
salts were dried in the presence of excess HCl or when the free acid was dried after 
passage through a cation exchange column in the hydrogen form. 
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TABLE I 
Recovery of Acids from Anion Exchange Resin 
Acids were added to the resin column in a range of 5 to 200 um, individually or 
in small groups. 
hed 
per cent per cent ber ct 
2 102 98-106 
5 91 2 89— 94 
96 4 80-102 
n 7 92 5 82 98 
D 7 95 7 86-111 
. 6 94 8 82-111 
D 3 90 3 87 94 
D 5 97 6 83-103 
D 4 85 8 72100 
* -Ketoglutar ie 4 52 2 50— 56 
.. 3 33 7 23 38 
II 
Recovery of Acids after Addition of Known Mirtures to Anion Exchange Resin 
The total procedure included separation of pyruvic acid as the 2,4-dinitrophenyl- 


hydrazone and resolution of citric, malonic, and isocitric acids by chromatography 
on silica gel columns. In Experiment B, the mixture of acids was treated with 
perchloric acid in the same concentration as noted in Preparation of tissue samples“ 
and the procedure was carried on from that point. 


pom Experiment A Experiment B 

Added | Recovered) Recovery| Added (Recovered | Recovery 

per cent uM per cent 
Glutamic and aspartic........ 50 49.0 98.0 
Daene 10 9.0 90.0 10 9.2 92.0 
D 50 50.0 100.0 15 14.5 96.3 
D 100 82.5 82.5 20 17.3 87.0 
e 50 46.0 92.0 15 12.9 86.0 
D 50 47.0 94.0 10 8.9 89.0 
e 100 95.5 95.5 10 9.1 91.0 
7.6 95.0 
D 100 84.0 84.0 20 20.0 | 100.0 
a-Ketoglutaric................ 100 53.0 53.0 30 16.8 56.0 
cis-Aconitic.................. 100 38.0 38.0 


metrically; in each of these cases, there was interference by the formic 
acid eluent or traces of formaldehyde in it, and appropriate corrections 
for these effects have been made in Tables I to III. Inasmuch as removal 
of formic acid by desiccation is practically quantitative, the blank value 
for titration was very low, generally less than 0.1 microequivalent of base. 
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Considerable losses of a-ketoglutaric and cis-aconitic acids were ex- 
perienced : colorimetric analysis of the a-ketoglutarate fraction before desic- 
cation revealed the same quantity of acid to be present as was found by 
titration. Low recoveries of cis-aconitate were obtained under the stand- 
ard desiccation conditions noted above, as compared with desiccation in 
the absence of heat; 7.e., more than 90 per cent of the cis-aconitic acid was 
lost under the former conditions. Recoveries greater than 40 per cent have 
not yet been achieved. Lactic and pyruvic acids were quantitatively 
removed by the desiccation procedure employed. Colorimetric analyses 
of the formic acid eluate revealed that these acids emerged from the 
column quantitatively. 


III 
Reproducibility of Position of Emergent Acid Peaks from Anion Exchange Resin 
Summary of experiments in which known mixtures were added to the resin 
columns. 


Fraction Nos. 
Acid 

Z 26— 30 28-32 24 28 29 32 30-32 26— 29 
D 17 15— 19 19-20 18 20 
D 33 36 33-39 30 37 36 40 36-40 33 36 
Z 69- 69 66-72 
60 71 60-71 
D 53-61 53- 63 56— 63 
D 84 93 86-91 87-100 89 99 80 90 
a-Ketoglutaric.......... 120-126 114-134 114-129 108-119 


Identification of Emergent Acids Citrie and lactic acids were identified 
by colorimetric analysis, while the identity of pyruvic and a-ketoglutaric 
acids was established by spectrophotometric study of the phenylhydra- 
zones. Melting points of the solid residue in the succinic, malic, malonic, 
and fumaric acid fractions were 188°, 99°, 132°, and 286° respectively, 
compared to 189°, 100.5°, 133°, and 290° for authentic samples. The 
other acids were identified by the position of the peak and the acid equiva- 
lence of micromoles added and micromoles recovered. Citric and iso- 
citric acids presented only two titratable acid groups per molecule after 
emergence from the anion exchange column; the latter formed a lactone 
which was hydrolyzed by heating in the presence of excess alkali. Re- 
producibility of the positions of the peaks of known acids added to the 
column is indicated in Table III. 

Isolation of Acids from Tissues Following Injection of Inhibitors in Vivo— 
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As an illustration of the use of this method for analysis of tissue samples, 
the citrate content of livers and kidneys of rats treated with fluoroacetate 
was determined by colorimetric analysis of the supernatant solution after 
the homogenates were treated with perchloric acid and was compared with 
citrate found after passage through the column. Recovery of the citrate 
was determined both by colorimetric analysis and by titration; between 
90 and 100 per cent of this acid was recovered. Further experiments were 
then undertaken which involved estimation of all the acidic components 
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emerging in the range of the chromatogram of the acids of the citric acid 


In Fig. 3, titration of acidity in the fractions collected is plotted against 
the number of the fraction for representative experiments on normal kid- 
neys (control), kidneys of rats treated with fluoroacetate, and kidneys of 
rats treated with malonate. Such graphs may be referred to as the “acid 
profile” of the sample. The acid profile of normal kidney contained seven 
well defined peaks of acidity. Peaks 1 and 2 contained substances pro- 
ducing a positive ninhydrin test and Peak 2 was in the same position as 
glutamic and aspartic acids. Peak 4 contained traces of a dark brown oil 
after desiccation, while Peak 7 contained inorganic phosphate. Further 
investigation of these peaks is in progress. In the fluoroacetate study, a 
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marked increase in titration was found in the peak which contains the 
citrate fraction (Peak 6), and the citrate content by titration correlated 
well with the citrate content as determined by colorimetric analysis. In 
the acid profile of the kidney of the rat treated with malonate, increased 
acidity was found in Peak 4, which corresponds to the succinate peak in 
chromatograms of known acids, as well as in Peak 6, which corresponds 
to the malonate peak in chromatograms of known acids. The succinate 
peak was contaminated by the brown oil of Peak 4, as was apparent both 
by gross inspection and depression of the melting point of the crystals of 
succinic acid from 189° to 165°. From these preliminary experiments, 
it was evident that the acid profile mirrored changes in a number of acid 
metabolites and provided a basis for further purification of the components 
of the peaks. Inasmuch as a number of substances could be present 
in any given peak of the acid profile, the use of inhibitors permitted the 
accumulation of a large quantity of the component acid desired, and 
chromatography of a small sample reduced the content of the other com- 
ponents to negligible quantities. 


DISCUSSION 


It is apparent from the data presented that the position of the acids in 
the eluate is dependent upon a number of factors which include the number 
of carboxyl groups and the ionization constant. The röle of the number 
of carboxyl groups is indicated in the following examples. The ionization 
constant of the most active carboxyl group in pyruvic and a-ketoglutaric 
acids is essentially the same; yet the former emerges some 50 fractions 
earlier than the latter. Moreover, the first ionization constant of malonic 
acid is half that of pyruvic acid and twice the first ionization constants of 
citric or isocitric acid; yet all emerge in the same fractions. The relative 
positions of the succinic, malic, and fumaric acid peaks are evidence for 
the role of the ionization in adherence of the acids to the resin; the same 
holds true for lactic and pyruvic acids. 

Anion exchange chromatography possesses several advantages over silica 
gel methods in the separation of acids of the Krebs cycle. First, lactic 
and succinic acids were completely separated; second, the blank titrations 
were very low, and, in addition, valuable information was obtained by de- 
termination of the melting points of the crystals remaining in the tubes after 
desiccation. Finally, the capacity of the resin column is much greater. 
As much as 150 mg. of malonic acid and 25 mg. of succinic acid has been 
recovered from columns of the type used in this study without appreciable 
change in their positions, while silica gel columns of 5 times the resin bed 
volume used enable separation of 1 to 15 mg. of a mixture of acids of the 


Krebs cycle (6). 
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This method lends itself to various types of studies; it has been used 
successfully in Warburg experiments involving oxidation of labeled py- 
ruvate, as well as in studies on the effects of malonate on tumors and 
normal tissues in vivo. Moreover, it is useful to have a method which 
can be used in conjunction with partition chromatography of organic acids, 
since it is very unlikely that two substances will have the same elution 
characteristics on both types of column. 


SUMMARY 


1. Formic acid, in continuously increasing concentration, eluted acids 
of the citric acid cycle and related acids from a Dowex 1 anion exchange 
resin (formate form) in the following order: glutamic and aspartic; lactic; 
succinic; malic; a mixture of pyruvic, malonic, citric and isocitric; fumaric; 
a-ketoglutaric; cis-aconitic. The components of the mixture containing 
pyruvic acid were separated by extraction of the latter as the 2 ,4-dinitro- 
phenylhydrazone, followed by chromatography of malonic, citric, and iso- 
citric acids on silica gel columns. 

2. Recovery of most acids ranged from 90 to 100 per cent, but low 
recoveries of a-ketoglutaric and cis-aconitic acids were found. The posi- 
tions of individual acid peaks on the chromatograms were consistent. 

3. The method was used to demonstrate an increase in the citrate con- 
tent of perchloric acid extracts of kidneys of rats treated with fluoroacetate 
and an increase in succinate and malonate content of extracts of kidneys 
of rats treated with malonate. 


The authors wish to express their indebtedness to Dr. G. C. Mueller 
and Dr. G. A. LePage for their helpful suggestions in this work. 
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THE INCORPORATION OF EXOGENOUS PURINES INTO 
PENTOSE NUCLEIC ACID BY LACTOBACILLUS CASEI* 


By M. EARL BALIS, DANIEL H. LEVIN, ann GEORGE BOSWORTH BROWN 


(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, New Fork, 
New York) 


AND GERTRUDE B. ELION, HENRY VANDERWERFYF, 
anp GEORGE H. HITCHINGS 


(From the Wellcome Research Laboratories, Tuckahoe, New York) 
(Received for publication, December 3, 1951) 


The complex question of the biosynthetic origin of nucleic acid purines 
has been approached from a number of directions. The elaboration of the 
over-all picture for a single organism has obvious advantages, and the 
experiments reported here represent a study in that direction with Lacto- 
bacillus casei as the test organism. Extensive information regarding pu- 
rine utilization by L. casei isavailable. This microorganism requires either 
folic acid or thymine and a purine for growth. In the thymine-containing 
medium, adenine, guanine, hypoxanthine, and xanthine serve equally well 
as sources of purine. Since the total quantity of purine consumed during 
growth approximates that found in the cells produced, the nutritional 
requirement of the microorganism for purine is presumptive evidence for 
the interconversion of the physiological purines (1). The conversion of 
exogenous adenine-8-C™ into pentose nucleic acid (PNA) adenine and 
guanine has been shown (2). The conversion of guanine-8-C™ into both 
PNA purines and, in the presence of equimolar quantities of adenine and 
guanine, the continued interconversion of the two purines have also been 
demonstrated (3). 

Although 2,6-diaminopurine can be converted into PNA guanine by 
mammals (4, 5), marked inhibitory effects of 2 ,6-diaminopurine on a num- 
ber of biological systems have been reported.' Elion and Hitchings (8) 
studied the inhibitory effect of 2,6-diaminopurine on the growth of L. 
casei. In a thymine-containing medium adenine was found to be more 
effective than other purines in the restoration of growth of an inhibited 
system. In the medium containing folic acid, diaminopurine was found 
to be a strong inhibitor. At low concentrations of the inhibitor, growth 

* This investigation was supported by grants from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, and from the 
Atomic Energy Commission, contract AT(30-1)-910. Presented before the Twelfth 
International Congress of Pure and Applied Chemistry, New York, September, 1951. 

For brief reviews see Brown (6) and Hitchings et al. (7). 
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could be restored by the addition of any purine, but at higher concentra- 
tions only adenine was found to be effective. Under some circumstances, 
in both media, the addition of adenine was found to produce more growth 
than could be expected from the incorporation of the added adenine alone, 
and it was suggested that the utilization of some of the diaminopurine 
for growth purposes could explain these findings. 

The metabolic tracer experiments described here demonstrate the utili- 
zation of diaminopurine to an extent far beyond expectations and yield 
data which give some insight into the mechanism of the inhibitory action 


of diaminopurine. 
EXPERIMENTAL 

The adenine used was labeled in the 8 position and was prepared accord- 
ing to the method of Clark and Kalckar (9) and contained 5.82 X 10° 
c.p.m. per au. The guanine-8-C" was prepared as previously reported 
(3) and possessed an activity of 0.676 X 10 c. p. m. per um. The 2-labeled 
diaminopurine was prepared (4, 5) by Bennett and Skipper, of the South- 
ern Research Institute, from C™-guanidine. It had an activity of 1.38 X 
10° c.p.m. per ym. The sodium formate-C" was obtained from the Oak 
Ridge National Laboratory. 

The bacteria were grown in a modified Landy-Dicken medium (10) 
supplemented with either thymine, 1 Y per ml. (OT), and one or more 
purines, or folic acid, 0.046 mygm. per ml. (OFA), 0.125 mygm. per ml. 
(FA“), or 0.625 magm. per ml. (FA . The media were sterilized by 
autoclaving 20 minutes at 15 pounds pressure; however, in several cases 
it was felt that the added compound might be unstable and a solution of 
the compound was sterilized by filtration and added to the autoclaved 
medium. In all cases, except those few in which growth was so light as to 
require double volumes in order to get enough bacteria for purine isolation, 
400 ml. of medium were used. 

The sterile medium was inoculated with 0.02 ml. of a saline-washed 
suspension of L. casei (10) per 10 ml. of medium and incubated at 37° for 
48 hours. The bacteria were collected by centrifugation. A 10 ml. portion 
of the supernatant solution was titrated with 0.1 N NaOH as a measure of 
growth, and the radioactivity of an evaporated aliquot was measured to 
see whether the labeled compound was in excess. In most experiments 
there was appreciable activity remaining. The solids were washed three 
times with cold 5 per cent trichloroacetic acid to remove adherent free 
purines and soluble nucleotides. The residue was washed with alcohol and 
then three times with a hot (3:1) alcohol-ether solution. The dried bac- 
teria were finally washed with ether and air-dried and their weight was 


1 

determined. 
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The PNA and the desoxypentose nucleic acid fractions (DNA) were 
separated from the defatted material by the use of 1 ml. of 1 N sodium 
hydroxide per 18 mg. of material. The purines were isolated from the 
PNA fraction via the silver salts and separated by paper chromatography 
as described by Kerr et al. (11). Radioautographs, made of several paper 
chromatograms through the kind cooperation of Dr. P. Fitzgerald, showed 
that all the radioactivity was associated with the spots for adenine and 
guanine. There was no evidence of other radioactive spots on the paper. 
The purines were eluted from the paper chromatogram with 0.1 * hydro- 
chlorie acid and the concentrations were determined spectrophotometri- 
cally. Known amounts were evaporated in glass to remove the acid, 
redissolved in water, placed on aluminum planchets, and the solutions 
evaporated. The activities of the infinitely thin films were measured by 
means of an internal Geiger-Müller flow counter (Radiation Counter Lab- 
oratories, mark 12, model 1, helium-isobutane gas). 

In those experiments in which the purine activity of the DNA was de- 
termined, the DNA-protein precipitate was hydrolyzed directly for 1 hour 
with 1 & sulfuric acid. The silver purines were precipitated and were 
treated in the same manner as the PNA silver purines. 

The samples were counted a sufficient length of time to give a standard 
error of 3 per cent or less (12) except as noted. The actual counts ob- 
served ranged in almost all cases from 6 to 200 times background. No 
coincidence corrections were necessary. Duplicate and triplicate deter- 
minations in general gave means within 5 per cent of the extremes. Un- 
less otherwise noted, all the activities are reported in terms of relative 
specific activities (RSA), defined as 

e. p. m. per au isolated compound 
e. p. m. per au supplement 


The particular concentrations of purines used were chosen on the basis 
of the growth data of Elion and Hitchings (8). This made it possible to 
choose well defined points at which varying degrees of stimulation or in- 
hibition could be obtained. 


RSA 


* 100 


Results 


In order to determine the degree of reproducibility of the results two 
procedures were employed. The first of these consisted in the use of 
“reciprocal labels ;” that is, replicate experiments were performed in which 
each purine was labeled in turn (Experiments 4 and 5; 13, 14, and 15; 18, 
19, and 20; 45, 46, and 47; 52, 53, and 54). The percentage of each of the 
purines derived from all the sources totaled 100 per cent (within 5 to 10 
per cent) and thus provided a measure of the validity of the techniques 
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utilized. The second method consisted of several independent repetitions 
of a given experiment. The results of such repetitions are shown in foot- 
notes to Table II. The reproducibility shown there indicates the degree 
of significance which can be attributed to individual experiments and 
justifies the interpretations which have been based upon relative degrees 
of incorporation. 

In the majority of the isotope experiments, the incorporation could be 
measured only for the PNA fractions. Moreover, the quantitative re- 
covery of the individual purines is somewhat less certain than other meas- 
urements, and material balances on the CM administered were therefore 
not attempted. In the PNA fraction of L. casei the two purines are pres- 


ent in unequal amounts, guanine always predominating. In view of these 


Tasie I 
Effect of Relative Concentrations on Adenine-Guanine Interconversion in OT Medium 
Amount of parioe, 7 per mi. Per cent derived from supple. 
Experiment No. = labeled compound) 

Adenine-8-C“ Guanine Ad Gu 

1 3.0 (9) 3.4 (9) Ad 65 35 

Gu 42 58 

2 4.0 (12) 2.2 (6) Ad 62 38 

Gu 50 50 

3 2.0 (6) 4.5 (12) Ad 60 50 

Gu 34 66 


The abbreviations Ad and Gu refer to adenine and guanine, respectively. 
* The figures in parentheses represent amounts in micromoles per 400 ml. 


considerations, the relative contribution of a precursor to a given PNA 
purine appeared to offer the most significant value obtainable and the 
results and interpretations are based primarily on these relative values. 
The interconversion of adenine and guanine by L. casei has already been 
demonstrated (2, 3). In order to investigate the effect of varying the 
relative concentrations of adenine and guanine, a series of experiments was 
carried out (Table I, Experiments 1, 2, 3) in which three ratios of adenine 
to guanine were used. The results showed a complete equivalence of the 
two purines. In each case the purine which was present in the larger 
amount (concentration twice that of the other) supplied about 60 per cent 
of the corresponding PNA purine and 50 per cent of the other PNA purine. 
In agreement with results published previously (3), when the amounts of 
adenine and guanine in the medium were equal, 60 per cent of each PNA 
purine was derived from the corresponding free purine. 

In the presence of sufficient adenine or guanine to permit good growth, 
2,6-diaminopurine at a level of 5 y per ml. is a precursor, to essentially the 
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Tant II 
* Utilization of Adenine, Diaminopurine, and Guanine in OT Medium 
e Per cent 
8 PNA difference) 
per 
e mi. 
— | 
S- — — — — — — 
4 (11.9) | 2 (6.9) Ad | 68 | $7 3.0 
* Gu | @/ 34 
5 5 2 Ad | 61 — 2.5 
Gu | 73 | 87 
4+ 5 Ad | 68 39 
Gu | 6 | 27 20 
ed 6 5 2(5.3) | Ad %% | 40 2.1 
Gu | 6 35 
7 5 3 Ad | 67 48 2.3 
Gu | 69 41 
6+7 Ad | @ 43 
8 5 6.7 (19.7) Ad | 49} 61 3.6 
Gu | 64 
12 9 60 6.7 Ad | %| 74 2.8 
Gu | 6 | 87 
10 300 (714) 2 Ad | 36 | 66 1.0 
TA Gu | @ 
he 11 5 0.67 (2) Ad | 80| 20 1.6 
Gu 6011 
es. 12 60 6.7 (17.7) | Ad | $8 68 0.8 
en : Gu | 4 59 
he 13 5 2 2.24 (5.9) | Ad 35 2.9 
* Gu 26 
ww 14 8 2 2.24 Ad | @# 4.9 
Gu | 8 
he 15 5 2 2.24 Ad 20 3.7 
rer Gu 26 
nt 
13 + 14+ 15 Ad | 48 | 36 | 20 
of Gu | | 26 
vA 16 50 2 (119) Ad 86 3.1 
Gu 67 
th, 17 60 2 Ad | 18 2.6 
he Gu | 26 
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Tan II—Concluded 
= labeled 
Experiment No. * oi 
16 + 17 Ad 18 24 8 
Gu 26 18 57 
18 50 2 2 16 2.8 
Gu 35 
19 60 2 2 Ad 45 1.9 
Gu 580 
20 50 2 2 Ad 43 2.3 
Gu 19 
18 + 19 + Ad | 45 | 43 16 | 104 
Gu 80 10 36 104 


* The figures in parentheses represent amounts in micromoles per 400 ml. 
t Average of six independent experiments: 39, 39, 45, 31, 40, 40. 
t Average of six independent experiments: 30, 28, 25, 22, 26, 34. 


same extent, of both the adenine and guanine of PNA. The exogenous 
adenine or guanine is also utilized without preference for the synthesis of 
both adenine and guanine of the polynucleotide, when approximately 
equal quantities of 2,6-diaminopurine and adenine or guanine are used 
(Table II, Experiments 4 to 8). However, when the adenine concentra- 
tion was 0.67 y per ml. and the diaminopurine concentration 5 y per ml. 
(Experiment 11), the adenine was preferentially incorporated as PNA 
adenine. 

At a moderate level (50 Y per ml.) of diaminopurine (Table II, Experi- 
ment 9), when enough adenine was present to insure growth, the diamino- 
purine was used preferentially to form PNA guanine, although there was 
still a reasonable conversion to PNA adenine. When L. casei was grown 
under similar conditions but with 6.7 y per ml. of guanine instead of aden- 
ine (Experiment 12), the growth was almost abolished, but here again 
diaminopurine was preferentially converted into guanine, and guanine 
was somewhat preferentially converted into adenine. 

In a medium containing 300 y per ml. of diaminopurine (Table II, Ex- 
periment 10) there is also a preferential conversion of diaminopurine to 
guanine. Under these conditions there is marked inhibition of growth, 
and the adenine-guanine differential, while definite, is less than was ob- 
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served at the 50 y per ml. level. This is probably due to the fact that the 
growth is so slight that dilution by the inoculum results in a distortion of 
the values with respect to newly formed microorganisms. 

With varying amounts of diaminopurine and adenine present in the 
medium, the relative amount of an exogenous purine does not determine 
the fraction of the PNA adenine derived from it, as exemplified by the 
data in Table III. The incorporation ratio of diaminopurine to adenine 
actually decreases when the concentration of diaminopurine is increased 
(Experiment 5 versus Experiment 10; Experiment 9 versus Experiment 8), 
and this emphasizes a profound influence of high concentrations of di- 
aminopurine on the pattern of purine metabolism. This result is in con- 
trast to the observations of Weygand who reports that, with Streptococcus 

III 


Relative Utilization of Exogenous Adenine and Diaminopurine (in OT Medium) to 
Form PNA Adenine 


Amount in medium Ratio of 
Experiment No. | into 
DAP Ad “Ad 
pe pe 

10 714 5.9 120 0.54 
9 119 19.7 6.0 0.35 

11 11.9 1.97 6.0 4.0 
5 11.9 5.9 2.0 1.56 
‘ 11.9 19.7 0.6 0.96 
21 4.0 4.0 1.0 0.47 
22 40 40 1.0 0.14 


DAP = 2,6-diaminopurine. 


faecalis R, the amount of 5-bromouracil incorporated, as such, by the 
organism was proportional to the ratio of bromouracil to thymine. 

Experiments 13 to 20 (Table IT) again illustrate the preferential incor- 
poration of adenine as PNA adenine and of diaminopurine as PNA gua- 
nine. In Experiment 17 this latter preference is still shown, despite the 
equal amount of guanine available in the medium. At equimolar levels 
of diaminopurine and guanine the greater utilization of the guanine (Ex- 
periments 16 and 17) is also noteworthy. 

In order to measure independently the incorporation of preformed pu- 
rines and purine synthesis de novo, the incorporation of formate was studied 
as a measure of the latter (Table IV). Extensive incorporation of formate 
into the PNA purines does occur in folic acid media and is dependent on 

* Weygand, F., Isotope Techniques Conference, Oxford, July, 1951, and private 
communication. 
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the concentration of added formate, reaching a maximum of about 2.5 
moles of formate per mole of purine (Experiment 25), but it is essentially 
independent of the concentration of folic acid. Control experiments in- 
dicate that the extent of growth is not influenced by formate at concentra- 
tions lower than 300 y of sodium formate per ml. In a folic acid-deficient 


Tan IV 
Synthesis of PNA Purines from Formate 
5 Amount of labeled Relative ml. of 
23 OFA 2 (11.8) Ad 17 3.1 
Gu 12 
24 5 20 (118) Ad 90 3.6 
Gu 76 
25 * 227 (1340) Ad 2445 3.4 
Gu 2545 
26 FA* 3 Ad 14 6.4 
Gu 11 
27 FA** 2 Ad 11 12.1 
Gu 9 
28 * 20 Ad 69 11.1 
Gu 61 
29 s 227 Ad 194 11.2 
Gu 191 
30 OI 20 Ad 0.9 
Gu 1.4 


* Abbreviations explained in the text. 

t The activity of the formate varied between samples and was determined each 
time. 

t The figures in parentheses represent amounts in micromoles per 400 ml. 

§ Counted with a standard error of 5 per cent. 

6.07 y of adenine per ml. and 1 v of thymine per ml. 


medium (OT), in which there is essentially no de novo synthesis, the in- 
corporation of formate into PNA purines is negligible (Experiment 30). 

The incorporation of formate is markedly reduced in the presence of 
purines (Table V). Thus with 2 y of adenine per ml. the average ap- 
parent de novo synthesis was reduced to 15 (cf. Experiment 35) and 19 
(cf. Experiment 36) per cent of the value obtained in the absence of ade- 
nine. That this may validly be interpreted as a reduction in de novo syn- 
thesis is indicated by the fact that in a similar experiment, in which the 
incorporation of labeled adenine was measured, the de novo synthesis 
calculated by difference was 18 per cent (Experiment 34). Guanine sup- 
presses de novo synthesis to about the same extent as adenine (Experi- 
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5 TanL V 
y Incorporation of Adenine and Guanine in Folic Acid Media 
* Per cent derived from sup- 
‘Supplement added, ml. = RSA: 00 = 
ment | Medium“ 00 = ted) NaOH 
No 
_ Adenine Sodium formate Adenine’ De novo | RSA 
— 31 OFA 0.1 (0.3) Ad 7.5 92 2.8 
Gu 6.8) 93 
32 * 0.67 (2) Ad 38 67 3.2 
a Gu | 28 72 
33 25 1.0 Ad 72 28 2.8 
Gu 87 43 
34 2.0 (5.9) Ad | 17 3.0 
Gu | 8 18 
35 25 2.0 20 (118) Ad | 89 111 10 4.0 
Gu 32 18} 14 
36 2.0 (1330) Ad | 8&3 17$i 41 4.0 
Gu | 79 An | 64 
37 * 4.73 (14.0) Ad | 96 5 4.5 
Gu | 87 13 
38 * 10 20 Ad | 99 11 0.96 5.9 
Gu | 97 31 2.1 
39 FA“ 2 Ad 61 39 5.6 
Gu | #4 54 
40 FA. 2 Ad | 18 82 12.3 
Gu | 16 85 
Guanine ‘Guanine 
h 
8 a | OFA | 26.3) Ad 76 24 2.7 
Gu | 67 33 
42 * 1.13 (3) Ad | 8 11 3.2 
Gu | 6 34 
43 a 0.67 (1.77) Ad 31 69 2.8 
in- Gu 77 73 
) 14 * 0.113 Ad | 10 90 3.1 
: Gu 8 92 
of 
ap- * Abbreviations explained in the text. 
19 t The figures in parentheses represent amounts in micromoles per 400 ml. 
de- t Fraction of the RSA obtained compared with the RSA from Experiment 24 
vn- (Table IV). 
— § Fraction of the RSA obtained compared with the RSA from Experiment 25 
(Table IV). 
— | Counted with a standard error of 10 per cent. 
up- 
eri- , 
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ments 41 to 44). In the presence of adenine, the proportion of the purines 
synthesized de novo increases with increasing concentrations of folic acid 
(Experiments 34, 39, 40). 

The per cent of the purines of the PNA which are derived by de novo 
synthesis (rather than by incorporation of preformed purines) is approxi- 
mately in inverse proportion to the concentration of purine present in the 
medium until over two-thirds of the purines are being derived de novo. 
This is shown in Fig. 1 where the per cent de novo synthesis is plotted 
against the reciprocal of the purine concentration. This applies to the 
data for adenine and for guanine (Table V) and those for mixtures (Table 
VI) of adenine or guanine and diaminopurine (Experiments 45 to 51). 

100 200 \ 1350 


Fic. 1. Reduction of de novo synthesis by individual purines and mixtures of 
purines. Points for sixteen experiments from Tables IV, V, VI; folic acid, 0.050 


mygm. per ml. 


In all cases the sums of the concentrations yield points which lie close to 
the curve of Fig. 1. 

With a constant higher level of folic acid (0.625 myugm. per ml.), and 
with mixtures of adenine and diaminopurine, the de novo synthesis is re- 
duced to a smaller extent by the presence of the purines (Table VII). 
However, at this level of folic acid the per cent de novo synthesis plotted 
versus the reciprocal of the purine concentration (Fig. 2) also yields a 
curve similar to that of Fig. 1. Adenine alone (Experiment 58), equiva- 
lent to the sum of the mixture of diaminopurine and adenine (Experi- 
ments 55 and 56), results in the same average amount of de novo synthesis. 
In these experiments the tendency for diaminopurine to be converted 
preferentially into guanine is very marked, as is the preference for adenine 
to lead to PNA adenine, and this is particularly well illustrated by com- 
parison of the summation of Experiments 55 and 56 with Experiment 58. 

When diaminopurine was not added to the medium until after the micro- 
organisms had reached the logarithmic phase of growth, its effects were 
markedly different from those observed when it was incorporated into the 


4€ 
47 


48 
18 
50 
51 
50 
(Ta 
pu 
lie | 
is g 
pu 


2. 


PP „ 8 


BALIS, LEVIN, BROWN, ELION, VANDERWERFF, HITCHINGS 739 


medium before inoculation (Table VIII). Thus, in the OT medium con- 
taining 0.2 y of adenine per ml. the addition of 5 y per ml. of diamino- 


VI 
Incorporation of Diaminopurine, Adenine, and Guanine in OFA Medium 


No. 
purine Ad Gu Sodium formate 
hydrate 
45 5 (11.9) | 0.67 (2) 
46 6 0.67 
47 5 0.67 20 (118.0) 
45 + 46 
+ 47 
48 5 2 (5.3) 
5 2 
48 + 49 
5 0.67 (1.77) 
51 5 0.67 
50 + 51 


Ad 
Gu 
Ad 
Gu 
Ad 
Gu 


Ad 
Gu 


Ad 
Gu 
Ad 
Gu 


Ad 
Gu 


Ad 
Gu 
Ad 
Gu 


Ad 
Gu 


Per cent derived 
A; 00 = 
ulated by 


calc 
diff 


) 


ii 


15 


111 


4 
12 


4.4 


4.4 


2.7 


* The figures in parentheses represent amounts in micromoles per 400 ml. 
t The fraction of the RSA obtained compared with the RSA from Experiment 24 


(Table IV). 


purine ordinarily results in some stimulation of growth. However, if the 
diaminopurine is withheld until 17.5 hours after seeding, the stimulation 
is greatly increased. Similar experiments with different ratios of diamino- 
purine to adenine or guanine give similar results. When the ratio of di- 


8 
- | 
e | | | | 
| | | 
| 
e Experiment  calculatedt 9.1 
| purine) | NaOH 
| 
| 
| 18 3.9 
11 
| 4 4.7 
1 | lit 4.5 
81 | 6 1 
79 1 5 
| | 
| 
jer; | | |= 
4 
E | 1 12 
| 16 2.6 
| | 
— 
| | | | | 17%) | 
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VII 
Incorporation of Adenine and Diaminopurine in High Folic Acid Medium“ 
Supplement added, v per ml. (e = labeled element: (00 = RSA; 
— diger. Titer, ml. 
Experiment PNA | ence; 00 ) | of i 
we 
| | Adenine De neve 
52 0.5 (1.19) | 0.2 (0. 59) Ad 4.7 3.5 
Gu 11 
53 0.5 0.2 Ad 3.8 5.6 
Gu 4.2 
54 0.5 0.2 20 (118) Ad 82} 6.4 
Gu 803 
52 + 53 Ad 4.7 3.6 82t 
+ 54 Gu 11 4.2 sot 
55 6 2 Ad 21 10.1 
Gu | 64 
56 5 2 Ad 23 12.0 
Gu 12 
55 + 56 Ad 71 | 2 56 
Gu | 64 12 34 
57 2 Ad 18 82 12.3 
Gu 15 85 
58 6 (17.8) Ad 62 38 11.8 
Gu 41 59 


* 0.625 mygm. of folic acid per ml. 
1 The figures in parentheses represent amounts in micromoles per 400 ml. 
t Fraction of the RSA obtained compared with the RSA of Experiment 24 (Table 


200 300 


Fic. 2. Reduction of de novo synthesis by individual purines and mixtures of 
purines. Points for five experiments from Table VII; folic acid 0.625 magm. per ml. 
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aminopurine to adenine is high (Table VIII, Experiment E), diaminopurine 
is inhibitory if present at the time of inoculation, but stimulates growth 
markedly when added at a later time. The inhibitory effect of diamino- 
purine in a folic acid-containing medium can be observed when the com- 


Taste VIII 
Effect of Delayed Addition of Diaminopurine on Growth 
. ; Supplement added, 7 per ml. 
addition of per cent trans- 
Din | Adenine | Guanine | diaminopurine |“ mission) 
hrs. 

A OT 0 0.2* 34 
5 0.2 0 50 
5 0.2 7 46 
5 0.2 17.5 68 
5 0.2 23.5 70 
B 0 80 
5 2.0 0 83 
5 2.0 17.5 85 
5 2.0 23.5 88 

C 1 0 0.2“ 27.5 
5 0.2 0 39 
5 0.2 7 41 
5 0.2 17.5 69 
D - 0 2.0* 75 
5 2.0 0 83 
5 2.0 7 81 
5 2.0 17.5 84 
E * 0 0.2“ 30 
100 0.2 0 17 
100 0.2 17.5 65 
100 0.2 23.5 69 
F OFA 0* 72 
0.1 0 23 
0.1 7 45 
0.1 17.5 76 
G FAt 0* 65 
0.1 0 27 
0.1 17.5 62 
0.1 23.5 65 
H OFA 0 65 
5 0 27 
5 17.5 78 


* Water was added to the control in an equal volume and at the same time that 
the diaminopurine was added. The time at which the water was added had no 
significant ‘effect on the turbidity. 

ft 0.023 mygm. of folic acid per ml. 
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TABLE IX 
Effect of Delayed Addition of Diaminopurine on Incorporation into PNA ‘ 
mi.* (00 Per cent 5 
2 compound: Ob = unlabeled | !solated from RSA; 0 = calculated 22 
— compound) by difference; 00 0.1 
Medium calculated: NaOH t. 
Diaminopurine Sodium Dia mi- De 
— — — b 
50 OFA | 0.1 (0.24) Ad 0. is 1 | 87 0.56 l 
Gu | 0.23 | 28 72 Ir 
60 * 0.15 Ad 0.76 7 93 1.3 6: 
Gu | 0.91 16 | 8 Ww 
61 | FAT“ | 0.1 Ad 0.22 6.9 | 94 0.53 di 
Gu | 0.46 | 18 82 le 
62 - 0.1§ Ad 1.29 3.7 96 3.6 
Gu | 2.78 | 10 90 
63 | OFA | 0.1 2 (11.8) | Ad 0.24 18 | 82¢ 14 | 0.70 tk 
Gu | 0.44 | 26 75t | 9 al 
64 on 0.1§ 2 Ad | 0.85 | 30 70t 12 | 3.6 in 
Gu |1.79| 2 | 79t| 9.6 
65| FAt | 0.1 2 Ad | 0.73 881 | 12 | 1.2 Pt 
Gu | 1.73 81119 
66 . 0.18 2 Ad | 1.33 99 | 14 | 5.8 
Gu | 2.53 911 | 10 
67 | OT 6 (11.9) 2 (5.9) Ad | 2.37 | 68 3.0 
Gu 3.88 66 
688 “ 5§ 2 Ad | 3.66 73 3.3 
Gu | 7.3 | 67 
* The figures in parentheses represent amounts in micromoles per 400 ml. 
1 Fraction of the RSA compared with the RSA of Experiment 23 (Table IV). 
t Fraction of the RSA compared with the RSA of Experiment 26 (Table IV). 
§ Diaminopurine added 20 hours after inoculation of medium. 
TABLE X 
Incorporation of Diaminopurine into DNA in OT Medium 


Supplement added, Y per ml. (% = labeled Per cent derived from supple- 
compound; 00 = unlabeled compound) neta 
ment No. purine 
Diaminopurine Diamino- 
hydrate Adenine Guanine purine | Adenine | Guanine 
4 6 (11.9) 2 (5.9) Ad 38 62 
Gu 38 62 
6 5 2 (5.3) Ad 47 53 
Gu 65 35 


8. 382238482 


* The figures in parentheses represent amounts in micromoles per 400 ml. 
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pound is added 7 hours after inoculation (Table VIII, Experiment F) 
but not when added after 17.5 hours (Table VIII, Experiments F, G, and 


H). 

The effect of delaying the addition of diaminopurine to folic acid-con- 
taining media until 20 hours after inoculation was likewise studied with 
C-labeled diaminopurine (Table IX). The preferential conversion to 
guanine (Experiments 59 to 62) and the ratio of preference are not changed 
by later addition of the compound. Analogous experiments with un- 
labeled diaminopurine and CW] formate show that formate is correspond- 
ingly converted more to adenine than to guanine (Table IX, Experiments 
63 to 66). A larger absolute amount of the diaminopurine is utilized 
when the addition is delayed for 20 hours. Here the greater part of the 
diaminopurine is used for growth and is converted to PNA purines, while 
less than half is so used when it is present at the time of inoculation. 

Although this study deals chiefly with the purines of the PNA fraction, 
the purines from the DNA fraction were also isolated in Experiments 4 
and 6 (Table X). These experiments demonstrated that diaminopurine, 
in the presence of either adenine or guanine, is converted to both of the 
purines of the DNA. 


DISCUSSION 
Purine Utilizations and Interconversions 

Diaminopurine is a precursor of the nucleic acid purines of L. casei* 
This is in consonance with the findings of Elion and Hitchings (8) that the 
growth of L. casei in OT medium is, at certain levels of diaminopurine 
when it is present with adenine or guanine, greater than that attributable 
to the adenine or guanine alone. At low levels of diaminopurine there is 
equal conversion of diaminopurine into both adenine and guanine, while 
at higher concentrations there is preferential conversion of the diamino- 
purine to guanine. Although diaminopurine cannot serve as the sole 
source of purine for growth, it is used as effectively as is adenine or gua- 
nine under certain conditions. ä 

It is possible to infer from several types of experiment presented here 
that any lability of the 2 and 8 positions of the purine ring must be ex- 
tremely slight, if not entirely absent. The data show that the incorpora- 
tion of formate is essentially negligible in a thymine-purine medium, and 
this rules out any equilibration of the carbon atoms in the 2 and 8 posi- 
tions of these preformed purine skeletons with active I- carbon fragments 
which are precursors of the purines in de novo synthesis. Since the di- 
aminopurine was labeled in the 2 position and the adenine and guanine 
in the 8 position, any lability of either the 2- or 8-carbon atoms would be 
reflected in unsatisfactory summations of experiments with “reciprocal 
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labels,“ but this was not observed. Furthermore, in some experiments 
in folic acid medium the degrees of incorporation of the three purines were 
essentially equivalent. Finally, the integrity of the 2 position is affirmed 
by the fact that the activity of the diaminopurine was completely re- 
covered in the PNA purines in certain delayed addition experiments. 
These data with L. casei thus extend the evidence based upon degradation 
(13) and upon the use of 1,3- and 8-labeled adenine (14), which has sug- 
gested the incorporation of the intact purine skeleton. 

In folic acid media, in the absence of preformed purines, there is exten- 
sive incorporation of formate into the PNA purines. It is reasonable to 
suppose that the formate is in mobile equilibrium with other sources of an 
active l-carbon fragment, and with the other purine precursor glycine 
(15, 16). The latter fact would account for the incorporation of more 
than 2 molecules of formate (17-19) per purine moiety (Experiment 25, 
Table IV). The activity of the purines derived from the formate varies 
as a non-linear function of the formate concentration. Since the in- 
corporation of formate is so facile, and since the addition of even large 
amounts of formate was found not to stimulate further growth, formate 
can be used as a measure of de novo synthesis. This is substantiated by 
reciprocal experiments in which de novo synthesis was measured by labeled 
formate incorporation and purine utilization was measured by labeled 
purine incorporation. 

In every experiment in which labeled formate was added to the medium 
(except Experiment 25 in which so much formate was present that over 2 
moles were incorporated per mole of purine) there was a slightly greater 
incorporation of formate into the adenine than into the guanine. This 
difference, though real, is too small to suggest that there is a gross differ- 
ence in the route of synthesis of the adenine and guanine skeletons. How- 
ever, a part, at least, of the guanine and the adenine might have arisen 
independently. Alternatively adenine may have been synthesized pre- 
ferentially during early growth and a significantly greater proportion of 
the guanine may have arisen later, after there had been some dilution of 
the labeled formate by the endogenous formate pool.“ 

Although a material balance on the Ci cannot be presented for any 
experiment, it is possible in a number of experiments to draw some con- 
clusions as to the relative distribution of a given purine precursor among 
the various purine-containing fractions of the microorganism. When 
adenine is supplied at suboptimal levels, only about one-half is accounted 
for in the PNA purines. However, almost complete removal of this sub- 
stance from the medium could be shown by the decrease in radioactivity 
of the supernatant medium, and by other types of experiment.“ About 


* Hitchings, G. H., Light, A., Lorz, D., and VanderWerff, H., unpublished data. 
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one-half of the adenine is therefore presumably divided between DNA, 
nucleotide coenzymes, free adenine, or other fates. When diaminopurine 
is present in a folic acid medium, the appearance of its activity in the 
PNA purine fraction is only slightly greater than that of adenine, and its 
transformation into the DNA purines was also demonstrated. However, 
when the addition is delayed until the rate of cellular multiplication is 
diminishing (20 hours), essentially 100 per cent of its activity is found in 
the PNA fraction. 

In folie acid media, and when good growth was possible, the data on 
relative incorporation show no difference in the effect of any of the three 
purines on the average incorporation of formate into the PNA purines, and 
simply suggest a preferential utilization of exogenous over newly synthe- 
sized purines. 

Possible Mechanisms of Inhibition by Diaminopurine 

Skipper and coworkers (20) found that diaminopurine, as well as several 
non-purine compounds, reduces incorporation of formate into mouse 
nucleic acid purines, and Goldthwait and Bendich* found that sufficient 
adenine also does so in rats. Since several preformed purines seem to 
“spare” de novo synthesis in both mammals and microorganisms, the tox- 
icity of diaminopurine cannot be attributed to a specific effect on formate 
incorporation, despite the suggestion made (20) for the effects of diamino- 
purine in the mouse. 

In the presence of appreciable and inhibitory quantities of diamino- 
purine the only apparent deviation from the normal anabolic pattern of 
PNA is an interference with adenine-guanine interconversion. Diamino- 
purine can be transformed into either adenine or guanine, but, especially 
when inhibitory levels of diaminopurine are present in the medium, it is 
preferentially converted to guanine. Similarly guanine is preferentially 
incorporated as PNA guanine in the presence of diaminopurine. When 
equal quantities of adenine and guanine are present with diaminopurine, 
there is also a reduction of the conversion of adenine into guanine; how- 
ever, this differential (Table II, Experiments 13 and 20) remains the same 
at both the high and low levels of diaminopurine. It is also apparent from 
the results of Experiments 9, 10, and 11 in contrast to those from Experi- 
ments 1, 2, and 3 that “sparing” action of an increased supply of guanine 
cannot be the sole explanation for the reduced conversion of adenine into 
guanine. For example, in Experiment 9 the amount of PNA adenine 
derived from the administered adenine is considerably higher than would 
be expected in view of the increased relative supply of guanine precursor 
over that available in the experiments of Table I. There is no suggestion, 


‘Goldthwait, D. A., and Bendich, A., unpublished data. 
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in so far as the anabolism of PNA is concerned, that diaminopurine is a 
specific antimetabolite of adenine. Neither does it appear desirable to 


attribute the growth-inhibitory activity of diaminopurine solely to the 


effect on the pattern of purine interconversion. 

The existence of some primary requirement for adenine would offer an 
explanation for the observation that adenine, or guanine, in a folic acid- 
containing medium (Table V) is converted preferentially to polynucleotide 
adenine. Such a primary requirement for adenine could explain the find- 
ing of Abrams (21) that an adenine-requiring yeast was still capable of 
synthesizing adenine from glycine when supplied with some adenine. 
When L. casei has had an opportunity to supply such a primary need, by 
the synthesis of adenine, or by conversion of guanine to adenine, or by 
utilization of exogenous adenine, then diaminopurine no longer exerts its 
inhibitory action. These observations are in accord with the fact that, 
at concentrations of diaminopurine great enough to retard the conversion 
of guanine to adenine, adenine is more effective than guanine in the res- 
toration of growth. It is quite possible that such a primary requirement 
for adenine may reflect a need for DNA synthesis or for adenine-contain- 
ing coenzymes,® conceivably including one required for purine intercon- 
version or utilization. 


SUMMARY 


A pattern of purine utilization for L. casei has been obtained from nu- 
merous experiments with radioactive carbon-labeled adenine, guanine, 
2,6-diaminopurine, and formic acid, in the presence and absence of folic 
acid. 

2,6-Diaminopurine has been found to be extensively utilized as a pre- 
cursor of both polynucleotide adenine and polynucleotide guanine. This 
transformation occurs whether the growth conditions are such that di- 
aminopurine is serving as a growth stimulant or as an inhibitor of growth. 

In the presence of folic acid, preformed purines are extensively incor- 
porated into the PNA of L. casei, with consequent suppression of de novo 
purine synthesis. Further evidence is presented in support of the view 
that the skeleton of the exogenous purines is incorporated intact. 

Under conditions in which the presence of 2 ,6-diaminopurine leads to a 
marked inhibiton of growth, there is a significant decrease in the extent of 


conversion of guanine into adenine and vice versa. However, it does not 
appear that the principal inhibitory activity of diaminopurine is an inter- 


The fact that diaminopurine riboside can be phosphorylated (22) by adenosine- 
kinase (23) and that it can be converted into a 2-amino adenosinetriphosphate, 
points to the possibility that diaminopurine may inhibit through participation in 
the mechanisms of coenzyme or adenosinetriphosphate synthesis. 
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ference with PNA synthesis or purine interconversion. The possibility 
that diaminopurine is competing in some primary metabolic function of 
adenine, such as in the formation of DNA, adenosinetriphosphate, or 
coenzymes, is attractive. 
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ISOLATION AND PURIFICATION OF RADIOACTIVE SUGARS 
BY MEANS OF PAPER CHROMATOGRAPHY* 


By E. W. PUTMAN anp W. Z. HASSID 
(From the Division of Plant Biochemistry, College of Agriculture, University of 
California, Berkeley, California) 
(Received for publication, February 4, 1952) 


In a previous paper (1) methods were described for preparation of radio- 
active carbohydrates by photosynthesis. By these means radioactive 
starch, glucose, fructose, and sucrose could be isolated from green leaves 
in good yields after they had been exposed to an atmosphere of radioactive 
carbon dioxide in the presence of light. It was later discovered that, 
although these sugars appeared to be pure according to standard chemical 
criteria, such as C and H analyses and specific rotation, paper chromato- 
graphic analysis revealed that each of them was contaminated with a small 
amount of the others. It should be emphasized that, when radioactive 
compounds are used in biological work, they must be free of foreign radio- 
active substances. A radioactive impurity in a sample which is small 
enough to escape detection by ordinary chemical methods may cause a 
serious error in the interpretation of results. 

Udenfriend and Gibbs (2) showed that radioactive fructose can be effec- 
tively separated from radioactive glucose by paper chromatography. Nog- 
gle and Bolomey (3) also showed that C-labeled glucose can be separated 
from C-labeled fructose by column chromatography. 

In the present paper the original method of Putman ef al. (1) for pre- 
paring radioactive sugars was modified so as to obtain sugars essentially 
free of radioactive impurities. This was accomplished by utilizing paper 
chromatographic techniques for their isolation and separation. Further- 
more, since no dilution is required by this technique, it has the distinct 
advantage that sugars of very high specific activity can be prepared. Ci, 
Labeled glucose, fructose, and sucrose were obtained with specific activities 
of 85, 95, and 120 yc. per mg., respectively. 


EXPERIMENTAL 


Two canna leaves (Canna indica), each about 5.0 inches long and weigh- 
ing approximately 5 gm., were left in water for 24 hours in the dark, and 
then allowed to photosynthesise for 22 hours in an atmosphere of radio- 
active carbon dioxide, obtained from 1.0 gm. of barium carbonate containing 


* This work was supported by a research contract with the United States Atomic 
Energy Commission. 
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29.3 mc. of C, in a chamber as previously described (1). At the end of 
that period all the carbon dioxide was absorbed by the leaves. The leaves 
were then cut into small pieces and extracted with 80 per cent ethanol in a 
Soxhlet extractor for 24 hours. 

The alcoholic extract containing the soluble sugars was concentrated 
under reduced pressure to a small volume to evaporate the alcohol, diluted 
with water, and partially purified by passing through two successive ion 
exchange columns, Duolite C3 and A3. The neutral effluent was concen- 
trated to a syrup under reduced pressure, transferred to a small beaker, and 
dried to constant weight in a vacuum oven at 40°. The residue, 217 mg., 
containing a small amount of pigmented chlorophyll decomposition prod- 
ucts, was dispersed in 2.17 ml. of water. 

The total activity of the extract was determined by diluting a 0.01 ml. 
aliquot to 25 ml. and estimating the activity of a 0.01 ml. aliquot of this 
dilution. In determining the level of radioactivity, the activity of BaCO, 
obtained from the Oak Ridge National Laboratory was used as a standard. 
The 217 mg. of neutral leaf extract was found to contain 23.9 mc. Since 
the leaves were exposed to 29.3 mc. of C.,, it appears that 81.5 per cent 
of the total activity was incorporated into the neutral fraction. The re- 
maining sample (2.16 ml.) was placed in 0.01 ml. aliquots on eight 22} in. 
X 18} in. Whatman No. 1 filter paper sheets. Twenty-six aliquots were 
placed 1.5 cm. apart in a band 7 cm. from the long edge of the paper. The 
beaker containing the sample was washed fourteen times with 0.2 ml. por- 
tions of water and this wash water was also distributed on the eight papers 
in the manner described above. After drying, the papers were placed in 
closed cabinets and the band chromatograms were developed for 24 hours 
by descending chromatography with water-saturated phenol. The chro- 
matograms were then dried in a current of air at room temperature, placed 
in contact with 14 in. X 17 in. Eastman Kodak medical “no-screen” x-ray 
films, and the latter developed after 1 hour’s exposure. The dark bands 
on the resulting radioautographs coincided in position with those of fructose 
and glucose. Sucrose was also present, but did not show up on the chro- 
matogram because its Rp value in water-saturated phenol is the same as 
that of glucose. These dark areas of the radioautographs were used as 
patterns to locate the exact position of the bands of radioactive sugars on 
the filter paper chromatograms. This was done by placing the film on an 
illuminated cabinet with a transparent upper side and tracing the position 
of the bands on the superimposed filter paper. The sections of the paper 
containing the sugar were cut out, and one margin end of each resulting 
paper strip was cut to a pointed tip, and the strips were eluted in a small 
chromatography cabinet with water as a solvent (4). The eluates, about 
2 ml., from each strip were collected in separate beakers, and concentrated 
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in vacuo. Each of the syrups was dissolved in water and placed again on 
filter papers as described before. 

The band chromatograms were now developed for 73 hows with 
ture of 52.5 per cent n-butanol, 32.0 per cent ethanol (95 per cent), and 
15.5 per cent water, by volume. Before placing the filter papers in the 
cabinets, their lower edges were serrated so as to allow uniform dripping 
of the solvent. The chromatograms were dried, and radioautographs were 
prepared again by using x-ray films. The radioautographs obtained from 
the eluates containing the fructose showed one distinct band after 1 hour’s 
exposure, while the radioautographs from the sucrose-glucose mixture had 
been resolved into two bands, corresponding in positions to the location of 
authentic samples of sucrose and glucose. After finding the positions of the 
sugars on the filter paper, the films being used as templets, and after eluting 
and concentrating the eluates, syrups of glucose, sucrose, and fructose were 
obtained. The syrups were rechromatographed, first with water-saturated 
phenol and then with the butanol-ethanol-water mixture. The sugars were 
eluted from the papers and the solutions concentrated. Each of the prod- 
ucts was then dissolved in a small amount of water and clarified with a little 
charcoal. Upon concentration of the solutions, the following yields of 
sugars were obtained: glucose 72.4 mg., specific activity, 85 nc. per mg.; 
sucrose 70.2 mg., specific activity, 120 uc. per mg.; fructose 61.2 mg., specific 
activity, 95 wc. per mg. On the basis of 29.3 mc. of CM used, approximately 
70 per cent of the radioactivity was incorporated into these three sugars. 

Small amounts of each of these sugars were subjected to two-dimensional 
paper chromatography and the papers exposed to x-ray films for several 
days until visible spots due to radioactive impurities could be observed. 
The purity of each sugar was determined by counting the activities of the 
sugar and the contaminant spots on the chromatogram, with the following 
results: glucose 99.8 per cent, the contaminants being 0.13 per cent fructose 
and 0.07 per cent galactose; sucrose 99.5 per cent, with 0.15 per cent fructose 
and 0.37 per cent glucose as contaminants; fructose 97.8 per cent, with 0.17 
per cent glucose impurity and five other unknown contaminants, three of 
which contained less than 0.6 per cent activity, and each of the remaining 
two contained less than 0.1 per cent activity. The degree of purity of these 
sugars could be further increased by once more repeating the paper chro- 
matographic procedure. 

SUMMARY 

The isolation and purification of C-labeled glucose, fructose, and sucrose 
from Canna indica produced by the process of photosynthesis are described. 

By employing paper chromatography, the separation and purification of 
the sugars are greatly facilitated. It is also possible to prepare sugars of 
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very high specific activity by this method. C-Labeled glucose, fructose, 
and sucrose having specific activities of 85, 95, and 120 yc. per mg., respec- 
tively, were obtained. 
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THE DETERMINATION OF BOUND ASCORBIC ACID 
IN LIVER TISSUE 


Br WILLIAM N. SUMERWELL* Ad ROBERT RIDGELY SEALOCKt 
(From the Department of Chemistry, Iowa State College, Ames, Iowa) 


(Received for publication, November 29, 1951) 


The demonstration that ascorbic acid is essential for the oxidation of 
tyrosine in liver tissue (1) suggests that the vitamin may have an enzymic 
function. Consideration of this possibility resulted in the present in- 
vestigation of the chemical state of ascorbic acid in liver tissue. 

A bound ascorbic acid complex in plant tissues has been described by 
Reedman and McHenry (2). In their study the bound ascorbic acid was 
precipitated by either metaphosphoric or trichloroacetic acid. The ascorbic 
acid in the precipitate then was liberated by hydrolysis in dilute hydro- 
chloric acid. The ascorbic acid content was measured by titrating with 
a solution of dichlorophenolindophenol. Using similar analytical tech- 
niques, Holts and Walter (3, 4) determined the amount of bound ascorbic 
acid in many animal tissues. However, other investigators have ques- 
tioned the existence of a bound form of the vitamin. It has been sug- 
gested by van Eekelen (5) and Mack and Tressler (6) that the increased 
titration values obtained after hydrolysis of plant tissues may be due to 
inactivation of ascorbic acid oxidase. Furthermore, Wachholder and 
Okrent (7) and Husita and Ebihara (8) failed to find bound ascorbic acid 
in tissues which had been previously reported to contain this substance. 

In this study it is shown that bound ascorbic acid does exist in liver 
tissue by the isolation and identification of the ascorbic acid from the 
bound fraction. A method for determining the amount of bound as- 
corbic acid is presented, which involves the extraction of the free ascorbic 
acid from the sample with 95 per cent ethyl alcohol and the liberation of 
the bound ascorbic acid in the alcohol-precipitated protein fraction by 


acid hydrolysis. 
Analytical Procedures 
The determination of ascorbic acid in all procedures was made by means 
of the 2, 4-dinitrophenylhydrasine method of Roe and Kuether (9). This 
method was modified in that ascorbic acid was oxidized to dehydroascorbic 
* Present address, United States Department of the Interior, Fishery Techno- 
logical Laboratory, 2725 Montlake Boulevard, Seattle 2, Washington. 


t It is a matter of great regret that the untimely death of Dr. Sealock prevented 
his collaboration in the writing of this paper. 
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acid as described by Roe and Oesterling (10). The oxidation involves the 
addition of saturated bromine water until a faint, permanent yellow color 
is produced. The color of excess bromine is removed with a 10 per cent 
solution of thiourea in 50 per cent ethyl alcohol. (5 drops of thiourea 
solution are added in excess.) 

Preliminary experiments were directed toward finding a solvent that 
would quantitatively remove free ascorbic acid but would not destroy the 
bound form. The first solvent used was a 3:1 mixture of 10 per cent 
metaphosphoric acid and 6 per cent trichloroacetic acid. Samples of liver 
homogenate prepared in the Waring blendor from six different fresh pork 
livers' were repeatedly extracted with aliquots of the ice-cold acid mixture 
until the extracts were free of ascorbic acid. The precipitated liver pro- 
teins were then hydrolyzed in 5 per cent metaphosphoric acid in a bath of 
boiling water and the hydrolysate was analyzed for ascorbic acid. No 
bound ascorbic acid was found in any liver sample. However, the possi- 
bility exists that the bound ascorbic acid was destroyed by prolonged con- 
tact with the acid solvent even though the sample was kept cold through- 
out the procedure. Consequently, other means of removing free ascorbic 
acid were developed. One method was based on the destruction of the 
free vitamin by alkaline oxidation. The pH of a sample of liver homog- 
enate was adjusted to 9.0 and the homogenate was then aerated for 72 
hours at room temperature. Analyses were carried out at 24 hour inter- 
vals. It was found that the ascorbic acid was not completely destroyed 
even after 72 hours. Another method was devised in which the free as- 
corbic acid in the homogenate was converted to the 2, 4-dinitrophenyl- 
hydrazine derivative at pH 5.5. However, it was found that the reaction 
proceeded very slowly in such a weak acid solution. 

On the other hand, the use of 95 per cent ethyl alcohol as a solvent for 
the free vitamin proved satisfactory. A 50 gm. sample of fresh pork 
liver homogenate was weighed in a 250 ml. centrifuge bottle and was ex- 
tracted ten times with 120 ml. aliquots of ice-cold ethanol. The tissue 
was kept cold throughout the procedure by frequent immersion of the 
centrifuge bottle in an ice bath. Before each extraction, the contents of 
the bottle were saturated with carbon dioxide. These precautions were 
taken to prevent oxidative destruction of the ascorbic acid. During each 
extraction, the mixture in the bottle was shaken for 5 minutes and then 
was centrifuged for 10 minutes at 2000 r.p.m. The volume of each extract 
was measured, and the ascorbic acid content was then determined. Read- 
ings were made with a Klett-Summerson photoelectric colorimeter 
equipped with a No. 54 filter. 

1 All the pork livers used in the experiments were obtained fresh from a near by 
packing plant. 
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After the alcohol extraction of free ascorbic acid, the protein residue was 
suspended in 120 ml. of 5 per cent metaphosphoric acid and was saturated 
with carbon dioxide. The mixture was hydrolyzed for 30 minutes in a 
bath of boiling water to liberate the bound ascorbic acid. The sample was 
quickly chilled and was centrifuged for 5 minutes. The hydrolyzed pro- 
tein residue was extracted twice with 120 ml. portions of 5 per cent meta- 
phosphoric acid. Finally, the volume of each extract was measured, and 
the ascorbic acid content then determined. By means of this alcohol 
procedure, it was found that six different samples of fresh pork liver con- 
tained 15 to 18 per cent of the total ascorbic acid in the bound form. 
These results are given in Table I. 

In Table II the results obtained by alcohol fractionation and by acid 
fractionation of identical 50 gm. liver samples are compared. After ten 


I 
Amount of Free and Bound Ascorbic Acid in Siz Different Pork Livers 
Free ascorbic acid | Bound ascorbic acid | Total ascorbic acid 
Sample No. per gm. liver per gm. liver per gm. liver Bound ascorbic acid 
7 7 per cont 
1 76 16 92 18 
2 123 22 145 15 
3 103 20 123 16 
4 86 17 103 17 
5 94 18 112 16 
6 80 18 98 18 


extractions of the free ascorbic acid with 120 ml. aliquots of the deprotein- 
izing acid solvent, the liver sample contained no measurable bound as- 
corbic acid. The sample extracted in the same manner with 95 per cent 
ethyl alcohol contained 16 y of ascorbic acid in the bound form. The 
difference in these two results indicates that the bound ascorbic acid is 


destroyed by the acid solvent. 
Method 


Extraction of Free Ascorbic Acid—Weigh a 10 gm. sample of tissue ho- 
mogenate into a 50 ml., narrow mouth centrifuge tube. To remove the 
free ascorbic acid, precipitate the liver proteins by adding 30 ml. of ice-cold 
95 per cent ethyl alcohol. Saturate the sample with carbon dioxide and 
shake the stoppered centrifuge tube for 5 minutes. Chill the extraction 
flask in an ice bath, and then centrifuge the tube for 10 minutes at 2000 
r. p. m. or until the precipitate is well packed. Repeat the extraction five 
times. Combine the extracts, which contain the free ascorbic acid, in a 
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200 ml. volumetric flask. Add 10 ml. of 5 per cent metaphosphoric acid 
to stabilize the ascorbic acid in the extracts. 

Liberation and Extraction of Ascorbic Acid from Bound Fraction—To 
liberate the bound ascorbic acid, suspend the precipitated protein residue 
in 20 ml. of 5 per cent metaphosphoric acid. Saturate the mixture with 
carbon dioxide and hydrolyse it in a bath of boiling water for 15 minutes. 
Then chill the hydrolyzed mixture and centrifuge it for 5 minutes at 2000 

Tant II 
Comparison of Ethanol with Deproteinizing Acid As Solvents in Determination of 
Bound Ascorbic Acid in Two Identical Liver Samples 


Ascorbic acid Extraction No. Free acid ~~ — 

* gm. liver * 
7 7 
Free 1 35 55 
2 27 25 
3 12 11 
4 2 2 
5 0 0 
6 0 0 
7 0 0 
8 0 0 
9 0 0 
10 0 0 
Total free ascorbic acid.................. 76 93 
Bound 1 7 0 
2 9 0 
3 0 0 
Total bound ascorbic acid 16 0 


* A 3:1 mixture of 10 per cent metaphosphoric acid and 6 per cent trichloroacetic 
acid. 

r.p.m. Pour the supernatant into a 50 ml. volumetric flask, extract the 
precipitate with 10 ml. of 5 per cent metaphosphoric acid, and add this 
extract to the 50 ml. volumetric flask. 

Determination of Ascorbic Acid—Dilute the 200 ml. volumetric flask con- 
taining the free ascorbic acid and the 50 ml. volumetric flask containing 
the liberated ascorbic acid to the mark with 5 per cent metaphosphoric 
acid. Mix and let stand in the cold until any precipitate formed by the 
addition of the acid flocculates. Filter each solution through No. 1 What- 
man filter paper, and determine the ascorbic acid content by the procedure 
of Roe and Kuether (9). 
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Precision of Method—Table III contains the results of an experiment 
in which five analyses were made on the same pork liver homogenate by 
the alcohol fractionation procedure. The mean value for the free ascorbic 
acid was 80 Y per gm. of liver and for the bound ascorbic acid was 18 5 
per gm. of liver. The standard deviation of the free ascorbic acid deter- 
minations was +1.6 and of the bound ascorbic acid determinations +0.9. 
The range was 5 y of free ascorbic acid and 2 y of bound ascorbic acid per 
gm. of liver. 

Isolation of Ascorbic Acid from Bound Complex 

The free ascorbic acid was removed from 4 kilos of fresh pork liver ho- 
mogenate by alcohol extraction. The sample was protected at all times 
by a carbon dioxide atmosphere and kept cold. The precipitated liver 


III 
Five Analyses of One Pork Liver Sample 


Analysis No. Free ascorbic acid per gm. liver | Bound ascorbic acid per gm. liver 


7 

19 
18 
17 
17 
19 
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proteins were suspended in 5 liters of 5 per cent metaphosphoric acid and 
hydrolyzed for 30 minutes in a bath of boiling water. The residue was 
extracted with two 5 liter volumes of 5 per cent metaphosphoric acid, and 
the acid extracts thus obtained were combined. Saturated bromine water 
was added to the combined extracts until a faint yellow color persisted. 
The excess bromine was removed by adding a solution of 10 per cent thio- 
urea in 50 per cent ethanol. After the bromine color disappeared, 5 ml. 
of thiourea solution were added in excess. 2 liters of saturated, 2,4- 
dinitrophenylhydraszine solution in 1 * hydrochloric acid were then added, 
and the mixture allowed to stand in the absence of light for 72 hours. The 
solution was extracted with ethyl acetate until all red dinitrophenylhy- 
drasine color was removed. The residue remaining after distilling ethyl 
acetate under reduced pressure consisted of the 2,4-dinitrophenylhydra- 
sine derivative of ascorbic acid, excess dinitrophenylhydrasine, and im- 
purities. Analysis by the Roe-Kuether method indicated that the residue 
contained approximately 30 mg. of ascorbic acid derivative. In order to 
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isolate this compound from the residue, repeated precipitations were made 
from aqueous methanol. The partially purified material was further 
treated by dissolving it in ice-cold 50 per cent sulfuric acid and then dilut- 
ing the acid solution carefully until the ascorbic acid derivative precip- 
itated as flocculent, brown-red particles (9). Finally, the compound was 
crystallized from 70 per cent methanol. The yield was 9.4 mg. The 
crystalline compound melted at 280-281 (Fisher-Johns) as compared with 
280-282° for the derivative prepared from synthetic ascorbic acid. The 
mixed melting point was 279-281°. Further confirmation of the iden- 
tity of the isolated with the synthetic compound was obtained by means 
of the absorption spectra. Both compounds exhibited maxima at 365 
and 540 mu. 


DISCUSSION 


The results of the experiments involving solvents show that bound 
ascorbic acid is unstable in acid solutions. The data in Table II indicate 
that all of the bound vitamin was destroyed after only four acid extrac- 
tions. Since a deproteinizing acid, usually either metaphosphoric or tri- 
chloroacetic acid, was used by previous workers to precipitate the bound 
ascorbic acid in plant and animal tissues, the reason for the discussion over 
the existence of the bound vitamin becomes apparent. It should be men- 
tioned that Huzita and Ebihara (8) suggested in 1939 that deproteinizing 
acid solutions might have a destructive effect on the bound vitamin. 

In view of the appreciable amount of bound ascorbic acid in liver tissue 
and the uncertainty of the older methods of analysis, the accepted as- 
corbic acid levels in foods are subject to review. It is probable that the 
methods used to determine ascorbic acid measure only part of the bound 
ascorbic acid present. 

The procedure for bound ascorbic acid may require modification if 
applied to plant tissues. In particular, the use of acid-washed Norit to 
convert ascorbic acid to dehydroascorbic acid, as described in the method 
of Roe and Kuether (9), may possibly be superior to bromine water in the 
case of some tissues. 

The development of the bound ascorbic acid procedure opens the way 
to the isolation of this compound and the clarification of its biochemical 
function. Although Holtz and Walter (3) have suggested that it is a stor- 
age form of ascorbic acid, the possibility exists that it functions as an 
enzyme. 

SUMMARY 


The existence of bound ascorbic acid in liver tissue was proved by the 
isolation and identification of the 2, 4-dinitrophenylhydrazine derivative 
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of the vitamin following the hydrolysis of tissue from which free ascorbic 
acid has been completely removed. It was shown that the bound form is 
readily destroyed by contact with dilute acid even at the temperature of 
ice water. A method for determining the amount of bound ascorbic acid 
was developed. By use of this method, six different samples of fresh 
pork liver were found to contain 15 to 20 per cent of the total ascorbic 
acid in the bound form. 
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L-TYROSINE BY GUINEA PIG LIVER EXTRACTS* 
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It has been known for several years that L-ascorbic acid has an im- 
portant réle in the oxidation of tyrosine, as shown by experiments both 
in vivo and in vitro with guinea pigs (1, 2). Further in vitro experiments 
with normal guinea pigs presented proof of the ability of cell-free liver 
homogenates to oxidize tyrosine (3). Since liver homogenates from 
severely scorbutic animals were thought to contain little ascorbic acid, it 
was hypothecated that these homogenates do not oxidize the amino acid. 
This hypothesis has proved false, as will be seen from the data presented 
here. These unexpected results, however, will be explained by presenting 
analyses showing the presence of both free and bound ascorbic acid in 
- liver tissue from normal and scorbutic guinea pigs. 

Since the actual mechanism of action of ascorbic acid in tyrosine oxida- 
tion had not yet been clearly shown, experiments were performed with this 
purpose in mind. Data presented herewith, it is believed, will further 

Methods 

Preparation of Homogenates—Liver homogenates from scorbutic guinea 
pigs were prepared by chopping the tissue and grinding it in a mortar with 
sand (3). All enzymatic reactions were carried out in the Warburg ap- 
paratus by the usual manometric method of measuring oxygen uptake (3). 
Many of the data are presented in terms of atoms of oxygen consumed per 
mole of tyrosine present, and for convenience will hereafter be referred to 


as O/T. 


* This investigation was assisted by a contract with the Atomic Energy Com- 
mission and by a grant-in-aid from the Nutrition Foundation, Inc. 

t The research presented in this paper was conducted under the supervision of 
Dr. Robert R. Sealock and constituted one of his final scientific endeavors before 
his untimely death. 

t Present address, Department of Obstetrics and Gynecology, School of Medicine 
and Dentistry, The University of Rochester, Rochester, New York. 

§ Present address, United States Department of the Interior, Fishery Techno- 
logical Laboratory, 2725 Montlake Boulevard, Seattle 2, Washington. 
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Determination of Free and Bound Ascorbic Acid in Liver Tissue—The 
method of Sumerwell and Sealock was followed for these analyses (4). 

Preparation of Liver Acetone Powder and Extracts—A modification of the 
La Du and Greenberg method (5) was employed for the preparation of 
liver acetone powder. Several normal animals were killed and the livers 
excised and kept cold until about 200 gm. of tissue had been obtained. 
This was divided into approximately 50 gm. portions. Each portion was 
finely ground in the Waring blendor with 6 volumes of ice-cold c.p. ace- 
tone for about 3 minutes. The acetone mixtures were combined as each 
was prepared, cooled in an ice bath, and filtered with suction so that the 
resulting cake was not allowed to dry thoroughly. After removal from the 
filter, the cake was again blended with cold acetone, this time with 4 vol- 
umes per gm. of the original tissue. The suspension was filtered with 
suction and washed with 15 to 20 ml. of acetone. The cake was trans- 
ferred to bond paper and chopped up with a spatula. The tissue was 
partially dried by rubbing it between the palms of the hands until the 
resulting powder felt dry and was light in color. The powdered prepara- 
tion was desiccated in vacuo over phosphorus pentoxide and then stored in 
the refrigerator. All enzyme preparations made from liver acetone powder 
are referred to as extracts. All those made from the grinding of fresh 
tissue with buffer are referred to as homogenates. 

The enzyme extract was prepared by mixing the powder with 4 volumes 
of 0.2 m disodium phosphate and monopotassium phosphate buffer, pH 
7.4. The tissue suspension was centrifuged for 10 minutes in a high speed 
angle centrifuge to give a supernatant solution that was readily poured off. 
The pH of the supernatant solution was adjusted to 7.4. Since it was 
desirable to rid the enzyme preparation of as much free and bound 
ascorbic acid as possible, the extracts were dialyzed for 18 to 24 hours 
against 0.2 m phosphate buffer. 1 ml. of the extract was incubated in the 
Warburg vessels with 5 um of L-tyrosine and 10 um of a-ketoglutaric acid 
made up in 0.2 M phosphate buffer, pH 7.4. The ketoglutarate was added 
to act as amino group acceptor (5). In a few experiments 5 uu of p- 
hydroxyphenylpyruvic acid were used as substrate, making the addition 
of ketoglutarate unnecessary. Ascorbic acid and several test substances 
(e.g., D-isoascorbic acid, reductone, etc.), made up in buffer, were added 
as was required for the experimental run. 

Preparation of Ascorbic Acid Derivatives—The syntheses of 3-methyl-t- 
ascorbic acid and 2,3-dimethyl-L-ascorbic acid were carried out according 
to the methods of Reichstein et al. (6) and Haworth et al. (7) respectively. 


Results 


Normal and Scorbutic Liver Tissue—Liver homogenates from scorbutic 
guinea pigs were found to oxidize tyrosine almost as completely as those 
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from normal animals. Table I presents average O/T results on normal 
and scorbutic animals with various concentrations of liver homogenates 
per mg. of tyrosine. The scorbutic values are also calculated as per cent 
of normal, the over-all average being 89 per cent. Both free and bound 
ascorbic acid values from normal and scorbutic guinea pigs are given in 
Table II, and it is seen that the bound form is approximately one-third 
of the total present in the scorbutic animal. This represents a considerable 
increase over the percentage of the bound form in the normal animal. 


TABLE I 
Tyrosine Oxidation by Normal and Scorbutic Liver Homogenates 
The data are presented as atoms of oxygen consumed per mole of tyrosine present 
and are the average values. The number of experiments in each group is given 
in parentheses. 


Gm. liver per mg. of tyrosine 
0.50 1.14 1.33 2.00 
2.18 (8) 3.18 (6) 3.09 (5) | 3.57 (4) 
1.77 (7) 2.91 (6) 2.79 (6) | 3.34 (3) 
= % normal........... 81 92 90 94 
TaBie II 
Ascorbic Acid Content of Liver from Normal and Scorbutic Guinea Pigs 
Ascorbic acid, y per gm. liver 
Bound 
Free Bound Total 
per cent 
D 62.7 9.4 72.1 13 
%% Ä 65.6 13.6 79.2 17 
e 124.5 21.9 146.4 15 
e 5.2 2.9 8.1 36 
7.0 4.2 11.2 38 


Extracts from Liver Acetone Powder; Importance of Ascorbic Acid—Values 
for both forms of ascorbic acid were determined on dialyzed and undialyzed 
extracts made from powdered, acetone-extracted guinea pig liver. Table 
III presents evidence for the loss of both forms of the vitamin through 
dialysis. The effect of additional ascorbic acid upon the initial rates of 
the oxidation of tyrosine and the tyrosine keto acid may also be observed 
here. The rates are greatly increased when 200 y of the vitamin are added 
per flask, but very greatly increased when a dialyzed enzyme preparation 
is used. This is further evidence for the loss of the vitamin through 
dialysis. Table IV also shows this increased rate of tyrosine oxidation by 
using a dialyzed extract and various concentrations of ascorbic acid, the 


* 
i 
| 


764 ASCORBIC ACID IN OXIDATION OF TYROSINE 


velocity of the reaction being related to the amount of vitamin. The 
maximal rate was obtained at a final concentration of approximately 
0.0005 M ascorbic acid. From this experiment it has been possible to cal- 
culate a dissociation constant between ascorbic acid and the enzyme. 
By use of the Lineweaver and Burk (8) treatment of the Michaelis and 
Menten equation (9), a value of 0.71 X 10 mole per liter was obtained. 

Compounds Structurally and Chemically Similar to Ascorbic Acid—In an 
attempt to elucidate the mechanism of the action of the vitamin, several 


III 
Effect of Ascorbic Acid on Oxidation of Tyrosine by Dialyzed and Undialyzed Enzyme 


Preparations 
Ascorbic acid, v per ml. Initial rate of oxidation, al. of Os per hr. 
Enzyme preparation 

Free Bound Tyrosine Tyrosine keto acid 
Undialyzed extract..... 45.1 26.0 160 197° 
Dialysed „„ <2.0 <2.0 42 231° 
7.3 2.1 b4 196* 

os „ 47 165° 

* homogenate. . . 60 1637 


* With 200 y of ascorbic acid added per flask. 
t With 500 + of ascorbic acid added per flask. 


TaBLe IV 
Initial Rate of u-Tyrosine Oxidation with Increasing Amounts of Added Ascorbic Acid 
2.4 ml., total volume per flask. 


Ascorbic acid added, v per flask 
0 $0 75 100 150 200 
wl. wl. pl. pl. pl. wl. 
Os consumed per hr. 60 165 207 208 223 225 


compounds with structural groupings and properties similar to those of 
ascorbic acid were tested for their activity in tyrosine oxidation. 3- 
Methyl-L-ascorbic acid and 2,3-dimethyl-L-ascorbic acid have structures 
similar to the vitamin but have lost their enediol character. As the results 
in Table V illustrate, neither the mono- nor the dimethyl] derivative sub- 
stitutes for the vitamin in the reaction. When ascorbic acid is replaced 
by either of these compounds, tyrosine exhibits no appreciable oxygen 
consumption. As Table V also indicates, even with a large excess of either 
derivative there is no inhibition of the action of the vitamin when it is 
also added. 

Table VI presents data obtained for tyrosine oxidation with p-isoascorbic 
acid, p-glucoascorbic acid, and reductone, alone and in conjunction with 
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ascorbic acid. These compounds also contain an enediol linkage, but 
here the oxidation-reduction ability is not impaired. These substances 
were all found to activate the tyrosine-oxidizing system when present in 
sufficient quantities. D-Isoascorbie acid was the most potent and com- 
pared favorably with the vitamin itself. 


V 
Lt-Tyrosine Oxidation with Addition of S-Methyl-I- ascorbie Acid and 
2,3-Dimethyl-L-ascorbic Acid 
Final | Basal* | O/T with | O/T with — 
X 10 o/T compound acid + 
3-Methylascorbic acid 2.2 0.67 0.48 1.847 1.787 
2.2 0.66 3.56 3.62 
21.9 0.56 0.72 3.64 3.50 
2,3-Dimethylascorbic acid 2.0 0.61 3.56 3.41 
14.6 0.56 0.58 3.64 3.36 


»The basal O/T was the ratio obtained with 1 ml. of dialyzed extract, 5 um of 
tyrosine, and 10 um of ketoglutarate plus buffer to the correct volume. The flasks 
with ascorbic acid had 100 Y added to each flask. 

t The a-ketoglutaric acid had deteriorated before this run was made. Incom- 
plete tyrosine oxidation resulted. 


Taste VI 
L-T yrosine Oxidation with Various Ozidation-Reduction Compounds 


Final con- O/T with | O/T with 
centration O/T with Ard 
10 187 compound acid + — 
p-Isoascorbic acid 2.4 1.10 3.34 3.70 3.50 
p-Glucoascorbic acid 8.2 0.59 3.42 3.43 3.40 
Reductone 4.7 0.60 1.57 3.46 3.46 
Glutathione 1.1 1.20 1.29 3.68 3.56 
2.3 1.20 1.09 3.68 3.48 
2.4 1.10 0.92 3.70 3.56 
* See the foot-note to Table V. 


It appeared possible that the above compounds were in some manner 
protecting the small amount of ascorbic acid present in the extract against 
oxidation to decomposition products, thus resulting in its entire availability 
to the system. If this were true, a known antioxidant not containing the 
enediol linkage should also show an activating effect when added to the 
system. Glutathione is such a compound and the results obtained with 
it are presented in Table VI. This compound did not activate, ascorbic 
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The authors were assisted in this work by Mr. Frank Janssen and Miss 
Maurine Morgan. 


Crude tissue homogenates of liver from both normal and scorbutic guinea 
pigs are capable of oxidizing tyrosine without the addition of extra as- 
corbic acid. Oxidation is complete only when there is a large excess of 
tissue present for the amount of tyrosine. It is believed that the explana- 
tion for this is to be found in the free and bound ascorbic acid content 
of the tissue. In both forms the amount of vitamin present in the liver 
of normal animals is much greater than that in the scorbutic animals, but 
in all cases small concentrations of the vitamin were found in the latter. 
When the ratio of tissue to tyrosine is large, there is then sufficient quan- 
tity of ascorbic acid to cause oxidation of the amino acid. In the case 
of liver slices from scorbutic animals, there is such a small amount of tissue 
present that the quantity of ascorbic acid is too minute to result in tyrosine 
oxidation. 

The data collected from the experimental procedure of dialyzing the 
enzyme extracts have clearly shown the röle of the vitamin. The initial 
rate of oxygen consumption is directly dependent upon the amount of 
ascorbic acid present, 0.0005 m vitamin producing the maximal rate under 
the experimental conditions employed. Since the substrate concentra- 
tion is considerably higher than this figure, it is concluded that ascorbic 
acid exerts a purely catalytic effect. Without the vitamin, oxidation of 
tyrosine does not occur. Thus it may be argued that ascorbic acid is 
necessary to the reaction involving the consumption of the first oxygen 
atom. This is directly in keeping with the results obtained with tissue 
slices (2). From this evidence it has been concluded that one of the réles 
of ascorbic acid in biochemical processes is that of a coenzyme in the 
oxidation of tyrosine. 

Compounds structurally and chemically similar to ascorbic acid were 
used in an attempt to clarify the mechanism of its action. The most 
attractive hypothesis for mode of action is that of hydrogen transfer. 
With transamination as the first non-oxidative step (5, 10, 11), the tyrosine 
keto acid would then be the substrate acted upon by the vitamin-enzyme 
complex. Dehydroascorbic acid, in conjunction with the protein of the 
enzyme, would cause specific dehydrogenation of the keto acid, transfer- 
ring the hydrogen to molecular oxygen or to other hydrogen acceptors 
within the system. The results presented in this paper tend to substan- 
tiate this hypothesis. All the compounds containing an unblocked oxida- 
tion-reduction enediol center actually substituted for the vitamin in ty- 
rosine oxidation. In the absence or blocking of the group, the usual 
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chain of oxidation reactions did not occur. On the basis of this evidence 
it can be stated that ascorbic acid, through its enediol linkage, functions 
as a coenzyme in tyrosine oxidation. It can be argued, therefore, that 
hydrogen transfer is to be regarded as the favored mechanism. If this 
interpretation is correct, not only is a biochemical function of vitamin C 
defined but the nature of the mechanism may likewise be explained on 
the basis of chemical properties and known reactivities of the molecule. 


Analyses for both free and bound ascorbic acid in liver tissue from 
scorbutic guinea pigs show that a sufficient quantity of the vitamin is 
present to oxidize the amino acid L-tyrosine when relatively large amounts 
of tissue are employed. 

A dialyzed extract, prepared from acetone-powdered guinea pig livers, 
completely oxidizes tyrosine when a-ketoglutaric acid and ascorbic acid 
are added to the system. The ascorbic acid is added in catalytic amounts, 
a final concentration of approximately 0.0005 m being necessary for the 
maximal rate of the reaction. The same type of extract also oxidizes 
the tyrosine keto acid when the vitamin is added. From the above evi- 
dence it has been concluded that ascorbic acid acts as a coenzyme in tyro- 
sine oxidation. 

The use of various compounds with structures and chemical properties 
similar to those of ascorbic acid has led to the belief that the enediol 
grouping of the vitamin is responsible for its action as a coenzyme in 
tyrosine oxidation. 
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In 1931, Harrison (2-4) obtained from the livers of various animals 
a soluble ensyme which catalyzed the oxidation of p-glucose to gluconic 
acid. This ensyme, named glucose dehydrogenase, was later found to 
require diphosphopyridine nucleotide (DPN) as a coenzyme (5-7). Par- 
tial purification of the enzyme was effected first by Harrison (3) and later 
by Wainio and Brunelli (8, 9). This paper reports a further purification 
of the glucose dehydrogenase of ox liver. Evidence has been obtained to 
support the hypothesis that é-gluconolactone is an intermediate in the 
oxidation and that the over-all reaction is reversible; t.e., glucose can be 
formed from both the lactone and gluconic acid. Data on the specificity, 
kinetics, and other properties of the enzyme are presented. 


Optical Assay and Enzyme Unit—The experiments were carried out by 
incubating at room temperature the substrate, pyridine nucleotide, and 
enzyme in 0.05 m phosphate buffer, pH 7.6, in a total volume of 3.0 ml., 
except where otherwise stated. In all experiments, except those in which 
measurements of the Michaelis constant were made, the substrate and the 
pyridine nucleotide were present in concentrations sufficient to saturate 
the enzyme. The substrate was added last unless otherwise stated. Ac- 
tivity was measured by observing the change in absorption at 340 ma 
in the Beckman spectrophotometer. The rate of DPN reduction is directly 
proportional to the concentration of enzyme within a 20-fold range of 
enzyme dilutions (Fig. 1). 1 ensyme unit is defined as the amount of 
ensyme causing an increase in optical density at 340 my of 0.001 per minute 
(1.0 cm. light path). The protein concentration was determined spec- 
trophotometrically by measurement of the light absorption at wave-lengths 
280 and 260 my. A correction was made for the nucleic acid content from 
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the data of Warburg and Christian (10). In the experiments with a- 
and B- glucose and é-gluconolactone, these substrates were dissolved in 


Isolation of Enzyme 


Fresh beef liver obtained from the slaughter-house was homogenized in 
a Waring blendor with an approximately equal volume of acetone at 
—3° in 500 gm. amounts. The acetone suspension was then poured into 
10 volumes of acetone at 0° to —3°, stirred thoroughly, and filtered by 
suction on a large Biichner funnel. The cake of acetone powder thus 


a Log +, min. 


00 20 40 60 50 100 120 


Micrograms Protein 
Fic. 1. Rate of DPN reduction as a function of enzyme concentration. 0.05 
potassium phosphate buffer, pH 7.6, 400 um of glucose, 0.15 um of DPN, and glucose 
dehydrogenase (specific activity 1100). Total volume 3.0 ml. 


formed was again homogenized in a Waring blendor and stirred into 10 
volumes of cold acetone and filtered as before. The cake was sucked as 
dry as possible. These operations were performed in a cold room at 7°. 
The acetone powder cake was then removed to room temperature, broken 
up, and dried rapidly by rubbing between the palms of the hands. The 
resulting powder may be kept in the cold for several hours. However, 
glucose dehydrogenase activity in the dry powder decreases fairly rapidly; 
approximately half the activity is lost in 24 hours. 

Extraction—The dry liver powder, varying from 250 to 1000 gm. in 
weight, was stirred for 30 minutes with 10 volumes of deionized water at 
room temperature. After allowing most of the insoluble material to settle 
(5 to 10 minutes), the supernatant was decanted and filtered through 
four layers of cheese-cloth. The residue was again stirred with 10 volumes 
of water for the same length of time and the suspension filtered through 
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cheese-cloth as before. The solution at this stage contained fine suspended 
material. The supernatant had 20 to 25 mg. of protein per ml.; specific 
activity, units per mg. of protein, 10. 

First Ammonium Sulfate Fractionation—The solution, which is stable 
for at least 1 day at this stage, was chilled to 5° and the pH adjusted 
to 6.0 by the addition of 10 per cent acetic acid with stirring. The 
solution was then clarified by passage through a Sharples centrifuge and 
the residue discarded. 30 gm. of ammonium sulfate per 100 ml. of solution 
were added slowly with stirring until all the ammonium sulfate was dis- 
solved. The solution was allowed to stand overnight at 5° and the pre- 
cipitate collected by passage through the Sharples centrifuge. The super- 
natant was discarded. The precipitate was dissolved in sufficient 0.05 M 
potassium phosphate buffer, pH 7.6, to yield a protein concentration of 
approximately 6 per cent and the insoluble residue discarded after cen- 
trifugation. The yield at this stage varied from 60 to 90 per cent and 
the specific activity from 25 to 35. 

Second Ammonium Sulfate Fractionation—The solution was adjusted to 
pH 5.5 in the cold by the addition of 10 per cent acetic acid and from 6 
to 10.0 gm. of ammonium sulfate per 100 ml. of solution were added. The 
exact amount required varied between these limits in different preparations 
and had to be determined by testing aliquots. In general, the amount of 
ammonium sulfate employed was that quantity that would precipitate 
no more than 5 per cent of the total activity. After standing for 2 hours 
in the cold, the mixture was centrifuged and the precipitate discarded. 
18.0 gm. of ammonium sulfate per 100 ml. of solution were then added 
and the mixture kept overnight at +-5°. It was then centrifuged and the 
supernatant discarded. The precipitate was dissolved in phosphate buffer 
as before and adjusted to a protein concentration of approximately 5 per 
cent. The over-all yield at this stage is 50 to 80 per cent; specific activity 
70 to 80. 

All the following procedures were carried out at approximately +5°. 

Acid Precipitation—10 per cent acetic acid was added slowly in the 
cold to the above solution to bring the pH to 4.7. The solution was 
allowed to stand for 4 hours. During this period, the pH slowly decreased 
and it was found advisable to readjust the pH hourly by addition of 1.0 
* NaOH. The solution was then centrifuged and the precipitate, con- 
sisting mainly of denatured protein, discarded. Some activity usually 
coprecipitates with non-ensymatic protein and was recovered by washing 
the precipitate with a small quantity (about 10 ml.) of 0.05 M phosphate 
buffer, pH 7.6. The over-all yield at this stage was 40 to 60 per cent; 
specific activity 110 to 140. 

Lead Acetate Precipitation—The solution was adjusted to pH 6.0 by 
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addition of 1.0 N, NaOH and dialysed for 4 to 5 hours against 10 volumes 
of deionized water with two changes of water. (Activity is lost when 
dialysis is carried out for longer than 5 hours.) Any precipitate which 
formed was discarded. Saturated lead acetate was then added dropwise 
until no further precipitation occurred. This was most conveniently done 
by determining on a small aliquot the amount of lead acetate necessary 
for complete precipitation. The amount of lead acetate required was 
usually about one-tenth of the total volume. The solution was allowed 
to stand for 30 minutes and centrifuged; the precipitate was discarded. 
The over-all yield at this stage was 40 to 50 per cent; specific activity 175 
to 200. 

First Calcium Phosphate Gel Treatment—A few drops of 0.05 M phosphate 
buffer, pH 7.6, were added to precipitate any lead in solution and the 
mixture was centrifuged. The pH was adjusted to 5.7 and calcium phos- 
phate gel in a concentration of 23.5 mg. per ml. (dry weight) was added 
to the solution with stirring. Sufficient gel was added to bring about 
maximum adsorption of inert protein with minimum adsorption of enzyme. 
The exact amount required varied from 0.2 to 1 volume of gel per volume of 
solution. After stirring for 15 minutes the suspension was centrifuged and 
the gel discarded. The over-all yield was 35 to 40 per cent; specific 
activity 250 to 300. 

Second Calcium Phosphate Gel Treatment—The solution was adjusted 
to pH 5.4 and sufficient calcium phosphate gel added to adsorb the enzyme 
completely. From 0.2 to 0.6 volume of gel for 1 volume of enzyme solu- 
tion was required. The following procedure was used. The appropriate 
volume of gel was centrifuged, the supernatant discarded, and the enzyme 
solution added directly to the sedimented gel and stirred for 15 minutes, 
centrifuged, and the supernatant discarded. The gel was stirred for 15 to 
20 minutes with an amount of 0.05 m phosphate buffer, pH 7.0, equivalent 
to about one-fourth the volume of the solution after the first gel treat- 
ment. In one preparation this was not sufficient to elute the activity and 
0.1 u phosphate had to be used. The solution was centrifuged and the 
gel discarded. The over-all yield at this stage was 30 to 35 per cent; spe- 
cific activity 900 to 1100. These solutions were used for the experiments 
reported here and have been kept frozen without loss of activity for 7 to 
8 months. The activity of the solution at this stage is of the order of 
10,000 units per ml. When more concentrated solutions were required, 
the enzyme was precipitated by adjusting the pH to 5.4 and adding 
ethanol at —5° to a final concentration of 30 per cent. The precipitate 
was then frozen and portions were dissolved to the required concentration 
as desired. Table I summarizes the pertinent data on the various steps 
in a typical procedure. 
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Properties of Enzyme 
Mechanism of Glucose Oxidation—In 1932 Isbell and Hudson, studying 
the course of oxidation of aldose sugars by bromine, presented evidence 
that 3-gluconolactone was an intermediate in the oxidation of glucose to 
gluconic acid (11, 12). In 1949, Bentley and Neuberger (13) identified 
8-gluconolactone as the reaction product of glucose oxidation by purified 
glucose oxidase (notatin). More recently Cori and Lipmann provided 
evidence for the formation of the lactone in the oxidation of glucose-6- 
phosphate by glucose-6-phosphate dehydrogenase (14). 
A consideration of the thermodynamics of the glucose-gluconate system 
I 

Purification of Oz Liver Glucose Dehydrogenase 

250 gm. of acetone powder. 


Step Volume of | Units Protein | Specific | viele 
mi. cont 
Aqueous extract 3600 1.500, 000 90,000 10 100 
lst ammonium sulfate frac- 700 960, 000 36,750 26 65 
tionation 
2nd ammonium sulfate frac-| 230 900, 000 11,250 80 60 
tionation 
Acid precipitations 247 800 ,000 7,400 108 53 
Lead acetate precipitation 270 700 ,000 4,070 172 47 
Ist calcium phosphate gel 378 600 ,000 2,320 258 40 
treatment 
2nd calcium phosphate gel 90 450 ,000 500 900 30 
treatment 


suggested that, if 5-gluconolactone is an intermediate, the oxidation of 
glucose to the lactone would be freely reversible. At pH 7.0 the E' for 
the glucose-gluconate system is given as approximately —0.43 volt (15, 
16). With this value, and assuming E'“ for DPN — DPNH + Ht to 
be —0.28 volt (17), AF for Reaction 1 


(1) Glucose + DPN*+ = gluconate’ + DPNH + 2H* 


can be calculated to be —6920 calories per mole. If gluconolactone is 
an intermediate in the oxidation, Reaction 1 may represent the sum of the 
following reactions. 

(2) Glucose + DPN* = gluconolactone + DPNH + H* 

(3) Gluconolactone + H,O = gluconic acid 


(4) Gluconic acid = gluconate~ + H 


— 
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The dissociation constant of Reaction 4 has been found to be 1.65 x 10 
(18). From this value AF at pH 7.0 for Reaction 4 can be calculated to be 
— 4460 calories per mole. For Reaction 3, the data of Nef (19), Isbell (12), 
and Levene and Simms (20) indicate an equilibrium constant of approxi- 
mately 3. For this value AF for Reaction 3 would be —654 calories per 
mole. Thus, it is evident that the major free energy change in the oxida- 
tion of glucose to gluconate occurs in the neutralization of gluconic acid. 
If the assumed over-all free energy change of —6920 calories per mole is 
employed, AF for Reaction 2 at pH 7.0 would be only — 1806 calories per 
mole, from which an equilibrium constant of approximately 20 can be 
calculated. 

To test the reversibility of Reaction 2, 6-gluconolactone was incubated 
with DPNH and glucose dehydrogenase, and the oxidation of DPNH 
followed spectrophotometrically, as illustrated by Fig. 2, a. When the 
oxidation of DPNH had ceased, the solution was deproteinized with 
H,SO, and neutralized, and its reducing sugar content determined by the 
method of Nelson (21). In one experiment 0.089 um of DPNH was oxi- 
dized and 0.095 um of reducing sugar found. In another series of experi- 
ments glucose and DPN were incubated with the enzyme and the reduction 
of DPN was followed spectrophotometrically until equilibrium had been 
reached. 45-Gluconolactone was then added and the oxidation of DPNH 
was followed spectrophotometrically until a new equilibrium point was 
attained. A representative experiment is shown in Fig. 2, c. A series 
of such experiments was used to calculate the equilibrium constant of 
Reaction 2. This was readily accomplished by calculating the initial and 
final concentrations of glucose and gluconolactone from the known initial 
additions and from the amounts of DPN and DPNH present at equilib- 
rium. The relative concentrations of DPN and DPNH were determined 
from the absorption at 340 my with appropriate corrections for dilution. 
The equilibrium constant at a fixed pH was determined from the re- 


lationship 


(gluconolactone)(DPN H) 
(glucose)(DPN) 


The value so obtained varied from 13 to 18, with an average of 15. In 
these experiments incubation was started at pH 7.0. However, due to 
free gluconic acid present in the gluconolactone, the final pH at equilibrium 
was 6.7. It should be noted that actual equilibrium cannot be obtained 
in the system since the spontaneous hydrolysis of the lactone displaces 
Reaction 2 to the right. However, experimentally the error will not be 
very large if the rate of the enzymatic step is high relative to the rate of 
hydrolysis. This was insured by employing a sufficient concentration of 
enzyme to yield apparent equilibrium in 12 minutes. 
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From the experimen determined equilibrium constant of 15, AF 
for Reaction 2 at 30° was calculated to be —2410 calories per mole at 
pH 6.7. AF for Reaction 4 was recalculated to be —4050 calories per 
06 
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Fic. 2, a, b, anpc. Reversibility of reaction catalyzed by glucose dehydrogenase. 
(a) 0.05 u phosphate buffer, pH 7.0, 480 um of s-gluconolactone, 0.3 um of DPNH, 
and 1200 units of glucose dehydrogenase (specific activity 1000). Total volume 3.0 
ml. (b) Curves 1 and 2, 0.05 u phosphate buffer, pH 7.0, and 200 units of glucose 
dehydrogenase (specific activity 1000). Total volume 3.0 ml. In addition Curve 1, 
55 um of - gluconolactone, 0.45 um of DPNH. Curve 2, 55 um of y-gluconolactone, 
0.225 um of DPNH. Curve 3, 0.2 M acetate buffer, pH 4.1, 640 um of sodium gluconate, 
0.40 um of DPNH, and 2500 units of glucose dehydrogenase (specific activity 1000). 
Total volume 3.0 ml. (e) 2.2 mu of phosphate buffer, 20 um of glucose, 0.30 um of 
DPN, and 100 units of glucose dehydrogenase (specific activity 1000) in a total vol- 
ume of 2.9 ml. At Arrow 1, 315 us of é-gluconolactone added. At Arrow 2, 20 um 
of glucose added. pH just prior to the addition at Arrow 2, 6.7. 

Fic. 2, d. Effect of pH on activity of glucose dehydrogenase with DPN and TPN. 
Buffer as described in the text, 2.0 mu of glucose, 0.15 um of DPN or TPN, and 40 
units of glucose dehydrogenase (specific activity 1000). Total volume 3.0 ml. 


mole at this pH. The over-all free energy change for Reaction 1 is then 
—7114 calories per mole. From this value AE for Reaction 1 is —0.15 
volt, and, assuming the value of —0.29 volt for the DPN+-DPNH system 


at pH 6.7, E', for the glucose-gluconate system is —0.44 volt. 
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Cori and Lipmann (14) have observed that gluconolactone reacts rapidly 
with hydroxylamine to form a hydroxamic acid which could be quantita- 
tively determined by the method of Lipmann and Tuttle (22). This 
method was used to demonstrate the formation of lactone in the oxidation 
of glucose-6-phosphate (14). Employing the same method for trapping 
gluconolactone, we carried out an experiment with our system by incu- 
bating 2000 units of glucose dehydrogenase, glucose, DPN, lactic dehydro- 
genase, and potassium pyruvate. The reactions are as follows: 


(5) Glucose + DPN* = 8-gluconolactone + DPNH + H“ 
(6) Pyruvate + DPNH + H“ = lactate + DPN* 
The sum of these reactions is represented by Reaction 7. 
(7) Glucose + pyruvate = 8-gluconolactone + lactate 


With this system, in the presence of hydroxylamine approximately 25 uu 
of hydroxamic acid were formed from 400 yum of glucose in 30 minutes. 
It was of interest also, in connection with the proposed mechanism of 
oxidation (Reactions 2 to 4), to determine whether the hydrolysis of 4- 
gluconolactone to gluconic acid was enzymatically catalyzed. To test 
this possibility 5-gluconolactone was incubated in NaHCO, buffer at pH 
7.0 in Warburg vessels with and without enzyme at 25°. The rate of CO, 
evolution would then be a measure of the rate of formation of acid from 
lactone. The rates in both cases were the same. It is presumed then that 
glucose dehydrogenase catalyzes only Reaction 2. 

A consideration of the proposed mechanism of oxidation (Reactions 2 
to 4) indicates the possibility of reversal from gluconic acid. However, the 
pH of the solution should be low enough for the unionized acid to exist 
in appreciable amounts. This could be achieved by carrying out the 
experiments at a pH near the pK of gluconic acid. The experiment was 
performed at pH 4.1 with high concentrations of substrate; the observed 
oxidation of DPNH with gluconate and enzyme was corrected for a slow 
decrease in absorption at 340 ma with DPNH and ensyme alone. The 
experiment was carried out by dissolving é-gluconolactone in water and 
titrating with NaOH until hydrolysis was complete. An aliquot of this 
solution was incubated with the enzyme and DPNH at pH 7.0. As ex- 
pected, no oxidation of DPNH took place. Another aliquot of the solution 
was then adjusted to pH 4.1 by addition of acetic acid and incubated with 
enzyme and DPNH in acetate buffer at pH 4.1. Fig. 2, ö (Curve 3) 
demonstrates the oxidation of DPNH under these conditions. In one 
experiment the amount of reducing sugar formed, as determined by the 
method of Nelson, was 0.14 um, when 0.14 um of DPNH was oxidized. 

Specificity—It has been reported by Müller (23) that preparations of ox 
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liver similar to those of Harrison (3) oxidized galactose and xylose as well 
as glucose. Breusch (24) has reported also the existence of a p-arabinose 
dehydrogenase, a glyceraldehyde dehydrogenase, and a glycolaldehyde de- 
hydrogenase in cat liver. Wainio (8), using a partially purified prepara- 
tion from lamb liver, observed that p-glucose, p-arabinose, p-xylose, o- 
glucose-6-phosphate, fructose-6-phosphate, and fructose-1 ,6-diphosphate 
were oxidized in the presence of methylene blue when DPN and TPN 
were added. In all of the above observations methylene blue reduction 
or oxygen uptake was used as the criterion of oxidation of added substrates. 

With our purified preparation, the following substances“ were tested 
and found to be inactive: raffinose, lactose, maltose, a-p-glucoheptose, 
B- p- glucoheptose, D-mannose, D-fructose, D-ribose, D-glyceraldehyde, glycol- 
aldehyde, acetaldehyde, hexose diphosphate, glucose-6-phosphate, fructose- 
6-phosphate, and ribose-5-phosphate. Only glucose and xylose were oxi- 
dised to an appreciable extent, the rate with xylose being about one-fourth 
that of glucose. Galactose and arabinose were oxidised at about 3 to 4 
per cent of the rate with glucose. Initial extracts, however, oxidized both 
galactose and arabinose at about 15 to 20 per cent of the rate with glucose. 
This suggests the existence in liver of enzymes catalyzing the oxidation of 
galactose and arabinose; these enzymes are still present as a contaminant 
in our best preparations of glucose dehydrogenase. Whether the oxidation 
of these two aldoses is direct or occurs through conversion to either glucose 
or xylose is unknown. All the phosphate esters tested, besides being in- 
active, inhibited the oxidation of glucose. 

Experiments were also carried out to determine whether both of the 
two pyranose forms of glucose were equally effective as substrates. Solu- 
tions of a- and £-glucopyranose were prepared immediately before use in 
ice-cold water. As shown in Fig. 3, a, at pH 7.6 only g- glucose was im- 
mediately oxidised, some 30 seconds elapsing before reduction of DPN 
was initiated when a-glucose was the substrate. At this pH, the mutaro- 
tation of glucose is relatively rap id, and the 15 to 30 seconds required for 
oxidation to begin when a-glucose was the substrate presumably represent 
the time necessary for sufficient g- glucose to be formed from a-glucose. 
The rate of mutarotation decreases considerably from pH 7.6 to 6.0 and 
also decreases with temperature (25). A second experiment was carried 
out by incubating the a- and §-glucose with enzyme at pH 6.0 and by using 
chilled buffer so that the final temperature was 20°. As shown in Fig. 3, b, 
a-glucose showed no activity until 90 seconds had elapsed and activity 
thereafter was much slower than that with g- glucose. It may be concluded 
that g̃· glucose is probably the true substrate for the enzyme. With xylose 


We want to thank Dr. H. G. Fletcher, Jr., for a sample of a-p-glucoheptose and 
Dr. H. S. Isbell for a sample of 8-p-glucoheptose. 
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a similar behavior is observed; the commercially obtained p-xylose (Pfahn- 
stiehl) was almost entirely of the a configuration and mutarotation in 
solution occurred rapidly to a final value of [a]® of +18.5°. At room 
temperature and pH 7.0 the rate with the mutarotation equilibrium mix- 
ture was twice the rate obtained with a freshly dissolved xylose solution, 
suggesting that B- xylose may be the actual substrate. Since the con- 
figuration of carbon atoms 1 to 4 of B- glucose and §-xylose is the same, 
glucuronolactone was also tested but found to be inactive. It would be of 
interest to test the activity of other aldoses possessing the same configura- 
tion of carbon atoms 1 to 4, such as L-idose, a-p-altroheptose, and a- D- 
galactoheptose, in the system. 


Log -¥ (340 mw) 


15 20 25 o WO 38 20 25 30 35 40 
MINUTES MINUTES 


Fic. 3. Comparison of rate of oxidation of a- and 8-glucose. (a) 0.05 Mu phosphate 
buffer, pH 7.6, 200 um of either a- or 8-glucose, 0.15 um of DPN, and 30 units of glucose 
dehydrogenase (specific activity 1000). Total volume 3.0 ml. (b) 0.05 u succinate 
buffer, pH 6.0, 200 ua of either a- or g- glucose, 0.15 um of DPN, and 400 units of glu- 
cose dehydrogenase (specific activity 1000). Total volume 3.0 ml. This experi- 
ment was carried out at 20° (see the text). 


In the reverse direction y-gluconolactone, which differs from 4-glucono- 
lactone only in having a 5-membered ring rather than a 6, was tested. 
Since - gluconolactone was prepared from é-gluconolactone, the possi- 
bility of contamination with é-gluconolactone could not be ignored in 
these experiments. The initial specific rotation of the two lactones is 
very similar. However, Nef (19), Isbell (12), and Levene and Simms (20) 
have observed that the rotation of 4-gjuconolactone decreases to a mini- 
mum value in 24 hours due to the fairly rapid hydrolysis of this lactone 
to the acid. -Gluconolactone, on the other hand, is comparatively stable 
and requires many days to reach equilibrium. The experiment was car- 
ried out by allowing a solution of the y-lactone to stand at room tempera- 
ture for 24 hours. During this period the specific rotation decreased from 
66.5° to 58°. During this same period a solution of 6-gluconolactone de- 
creased in specific rotation from 53.8° to 11.25°. From these and other 
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data (12, 19, 20), it was calculated that the solution of y-gluconolactone 
at the end of 24 hours contained 4.2 per cent of &-gluconolactone, 12.6 
per cent of gluconic acid, and 82.2 per cent of y-gluconolactone. Aliquots 
of this solution were used to determine the activity of glucose dehydro- 
genase on y-gluconolactone. As shown in Fig. 2, b, y-gluconolactone is 
also reduced by glucose dehydrogenase, although the initial rate of re- 
duction is slower than with the é-lactone.’ 

It should be noted that definitive evidence for the formation of 5- 
gluconolactone as the primary product of the oxidation of glucose has 
not been obtained, inasmuch as y-gluconolactone also appears to reverse 
the oxidation. Supporting evidence for é-gluconolactone as an interme- 
diate rests on the isolation of this compound as the product of oxidation 
of glucose by either bromine (11, 12) or notatin (13). It is also likely 
that the more stable pyranose form of glucose is the actual substrate for 
the enzyme. The interesting question of the mechanism of the conver- 
sion of the 5-membered y-lactone to the 6-membered §-glucose remains 
unsolved. 

Coenzyme Specificity and pH Optimum Previous reports on the coen- 

zyme requirements of glucose dehydrogenase have been contradictory. 
Das Das (6) observed that both DPN and triphosphopyridine nucleotide (TPN) 
were active at pH 7.6 as measured by the Thunberg technique. Quibell 
(7) confirmed these observations at pH 7.0 and also observed spectro- 
photometric reduction of DPN. Lynen and Franke (26), on the other 
hand, reported that the liver enzyme was specific for DPN alone, using 
the Thunberg technique for the measurement of activity. 

Our purified preparations were active with either DPN or TPN, the 
relative rates depending on the pH. In these experiments the buffer was 
prepared by mixing equimolar concentrations of phosphate and tris(hy- 
droxymethyl)aminomethane, titrating with either NaOH or HCl to the 
desired pH, and diluting to 0.05 M concentration. The pH was determined 
with a glass electrode after incubation. Maximum activity with DPN 
was obtained at a pH of approximately 9.8 and with TPN at pH 9.0 
(Fig. 2, d). The maximum rate with DPN is almost twice that with TPN. 
Below pH 8.1 the rate with TPN is slightly higher than with DPN. 
Incubation of the glucose dehydrogenase with TPN for 5 minutes in the 
absence of glucose, followed by addition of alcohol and alcohol dehydro- 
genase, did not cause any reduction. This indicates that TPN was not 
converted to DPN by the enzyme preparation. 

Kinetics—The saturation levels of each of the substrates and coenzymes 


*The amount of 5-gluconolactone present in the y-gluconolactone solution was 
reduced at a rate approximately 5 per cent that of the rate found with the experi- 
mental solution of y-gluconolactone. 
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were determined by incubating varying concentrations of substrate (or 
coenzyme) with buffer and coenzyme (or substrate) in excess. The dis- 
sociation constants for the enzyme-substrate complexes were determined 


by plotting S/ V against S according to Lineweaver and Burk (27). In 


the forward direction the concentration of glucose required for maximum 


Fic. 4. Reaction rates as a function of substrate and coenzyme concentration. 
(a) 0.05 M phosphate buffer, pH 7.0, glucose as indicated, 0.15 um of DPN, and 100 
units of glucose dehydrogenase (specific activity 1000). Final volume 3.0 ml. (6) 
Same as (a) except that 2000 um of glucose were used and DPN as indicated. (c) 
0.5 u phosphate buffer, pH 7.0, 50 um of é-gluconolactone, DPNH as indicated, and 
2200 units of glucose dehydrogenase (specific activity 1000). (d) Same as (c) except 
that 0.10 um of DPNH was used and 8-gluconolactone as indicated. O and right- 
hand ordinate scale refer to a Lineweaver-Burk plot of substrate concentration 
divided by velocity (S/V) as a function of substrate concentration. 


activity appears to be a function of the pH. At pH 7.0, K. was 0.15 u 
and the saturating concentration over 0.7 M (Fig. 4, a). At pH 7.6, K. 
was 0.07 M and essentially maximum rates were obtained with concentra- 
tions about 0.25 m which correspond to the values of Harrison (3). At 
pH 8.2, the values were substantially the same as at 7.6. A similar varia- 
tion of K,, with pH was observed with DPN. At pH 7.6 with saturating 
glucose concentrations, the rate of reduction of DPN is linear until approxi- 
mately one-half of the DPN has been reduced. By measuring initial 
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rates only, no decrease of rate with decreasing concentration of DPN is 
obtained down to 10 DPN. Below this concentration it is not possible 
to determine the rate accurately with the spectrophotometric method. 
At pH 7.0, on the other hand, DPN saturates at about 1.0 X 10~ M and 
the dissociation constant was determined to be 1.5 X 10-* m (Fig. 4, b). 
The reduction of DPN (or TPN) goes to completion for any concentration 
of the coenzyme by virtue of the equilibrium constant for the over-all 
Reaction 1. Thus glucose dehydrogenase can be used for quantitative 
determination of DPN or TPN, provided either one is free of the other. 
For xylose the rate is approximately one-fourth that of glucose. How- 
ever, the saturation level and dissociation constant are the same as for 


glucose at pH 7.6. 


At pH 7.0, the ratio of the maximum rate of reduction of the lactone to 
the maximum rate of oxidation of glucose is 1:11. The dissociation con- 
stant for the enzyme-gluconolactone complex at pH 7.0 is 0.005 M (Fig. 
4,c). It should be noted that this value was obtained by measurements 
of the ratio for the initial 15 seconds of reaction, since the subsequent 
reaction velocity decreased rather rapidly. Under these conditions, po- 
tential sources of error, such as completeness of mixing, are difficult to 
evaluate. It was not considered advisable to use relatively dilute solutions 
of enzyme in order to extend the initial linear phase of the reaction, be- 
cause of the appreciable spontaneous hydrolysis of the lactone. Under 
similar conditions, the K., for DPNH was determined to be 8 X 10-* m 


(Fig. 4, d). 
DISCUSSION 

The intermediate formation of the lactone in the dehydrogenation of 
glucose by glucose dehydrogenase and the similar finding for the dehy- 
drogenation of glucose-6-phosphate by Zwischenferment (14) indicate that 
the mechanism of oxidation in the two systems is similar. Inasmuch as 
the over-all free energy change is approximately the same in both reactions, 
reversibility of the Zwischenferment system from both the lactone and 
free phosphogluconic acid might also be expected. Our observations, to- 
gether with the recent demonstration by Horecker and Smyrniotis (28) of 
the reversibility of the oxidative decarboxylation of. 6-phosphogluconic 
acid, suggest the possibility that the combination of the glucose-6-phos- 
phate and 6-phosphogluconic dehydrogenase systems might provide an 
alternative pathway for the synthesis of glucose from pentose by photo- or 
chemosynthesizing organisms. 

The intermediate formation of a non-ionizable substance in the course 
of oxidation of a carbonyl to a carboxyl group makes possible the ready 
reversibility of the reaction and appears to be a biological mechanism of 
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general occurrence. The oxidation-reduction potentials of carbonyl-car- 
boxyl systems are generally quite low, as exemplified by the acetaldehyde- 
acetate system (E' (pH 7) = —0.47 volt) (16). Similar low potentials 
obtain in the oxidative decarboxylation of a-keto acids, such as pyruvate 
and ketoglutarate (16). These systems have in common the formation of 
an equivalent of acid which is appreciably ionized at neutral pH. From 
a consideration of the ionization constants of the newly formed acids, it 
is apparent that part of the free energy change in these reactions occurs 
as a result of the neutralization of the new acid by the buffer system. 
By contrast, the 8 oxidative decarboxylations of isocitrate and malate 
have significantly higher potentials at neutrality. In these cases no for- 
mation of acid accompanies the reaction and reversibility can be readily 
demonstrated spectrophotometrically (29, 30). 

The participation of acyl phosphates and acyl thioesters in the bio- 
logical oxidation of aldehydes and a-keto acids (31-35) suggests that the 
formation of these compounds may in some measure be analogous to the 
formation of lactones as mechanisms of blocking potentially ionizable 
carboxyl groups and as mechanisms for the retention of the energy of 
oxidation through formation of anhydride or ester bonds. As Cori and 
Lipmann have pointed out (14), enzymatic dehydrogenation of an alde- 
hyde requires the prior addition of a compound, H-X, which supplies a 
second hydrogen. In the case of glucose and glucose-6-phosphate this 
addition has already occurred in the formation of the pyranose ring by 
utilizing an alcoholic group from the sugar molecule itself. 

Preparations 

DPN of 40 per cent purity was prepared from boiled yeast juice by char- 
coal adsorption and pyridine elution in a manner similar to that employed 
by LePage (36). DPNH was prepared by reducing DPN with yeast al- 
cohol dehydrogenase according to the method of Bonnichsen (37), ex- 
tracting the solid residue with methyl alcohol, and precipitating with 
ethyl alcohol-ether according to Ohlmeyer (38). The DPNH was assayed 
by means of crystalline glutamic dehydrogenase (39). The yeast alcohol 
dehydrogenase was kindly supplied by Dr. E. Racker. TPN of approxi- 
mately 80 per cent purity was obtained from the Sigma Chemical Company. 
It contained no DPN as determined with yeast alcohol dehydrogenase. 
Calcium phosphate gel was prepared as described by Keilin and Hartree 
(40). p-Glucose and p-xylose were obtained commercially. 

a-p-Glucose was prepared by the method of Hudson and Dale (41). 
[a]” of the preparation 2 minutes after solution was +105°; the value 
reported in the literature is +110° (41). 8-D-Glucose was purchased com- 
mercially. [a] 2 minutes after solution was +22°; the reported value 
is +19° (41). 
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5-Gluconolactone was obtained commercially and purified by digesting 
with dioxane according to Isbell and Frush (42). The product contained 
17 per cent free acid as determined by rapid cold titration. The initial 
specific rotation was +53.8°, which decreased to +11.3° in 24 hours. The 
pure compound is reported to have an initial specific rotation of +66.2°, 
decreasing to +8.8° after 24 hours (42). -Gluconolactone was prepared 
from 5-gluconolactone as described by Isbell and Frush (42). 

SUMMARY 

The partial purification of glucose dehydrogenase from ox liver is de- 
scribed. The enzyme is active with both diphosphopyridine nucleotide 
and triphosphopyridine nucleotide. The over-all reaction is the reversible 
conversion of glucose to gluconic acid with gluconolactone (probably 6- 
gluconolactone) as intermediate. The ensyme-catalyzed part of the re- 
action is 

Glucose + DPN* (or TPN*) = gluconolactone + DPNH (or TPNH) + H* 


At pH 6.7 the equilibrium constant of the above reaction has been deter- 
mined to be 15 and the over-all E“ for the glucose-gluconate system has 
been calculated to be —0.44 volt. The conversion of the lactone to 
gluconic acid is not enzymatically catalyzed. 

The enzyme appears to be specific for 8-glucose, although f- xylose can 
also be oxidized at a slower rate. The dissociation constants of the en- 


zyme-substrate and enzyme-coenzyme complexes have been measured. 


We wish to thank Dr. Severo Ochoa for his encouragement of this work 
and for his helpful criticism in preparation of the manuscript. We are 
also indebted to Mr. Morton C. Schneider for technical assistance. 
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MECHANISM OF AMYLOPECTIN FORMATION BY THE 
ACTION OF Q ENZYME* 


By S. NUSSENBAUM AND W. Z. HASSID 


(From the Division of Plant Biochemistry, College of Agriculture, University of 
California, Berkeley, California) 


(Received for publication, January 21, 1952) 


It has been previously demonstrated that linear amylose can be trans- 
formed with the Q enzyme from potatoes to a branched polysaccharide 
possessing the chemical and biochemical properties of amylopectin (1-3). 
A mechanism for its synthesis was first suggested by Bourne and Peat (4) 
in 1945. They postulated that glucose-I-phosphate is built up by phos- 
phorylase to an unbranched chain, pseudoamylose, consisting of approx- 
imately twenty 1, 4-linked glucose units. In the absence of the Q enzyme 
the pseudoamylose is further synthesized into long chain amylose molecules. 
The Q enzyme was assumed to be responsible for the establishment of the 
1,6 linkages between the short chains of pseudoamylose, thus forming 
branched amylopectin. In the conversion of amylose into amylopectin, 
the Q enzyme presumably performed a second function; namely, the scis- 
sion of 1,4 linkages in amylose and formation of short pseudoamylose 
chains. However, this manner of combination, in which a terminal reduc- 
ing group of one chain is united with an alcoholic hydroxy! of another chain, 
not involving the transfer of a phosphate of a glycosidic bond, is incompat- 
ible with the energy requirements for mechanisms of complex saccharide 
formation. 

Hobson and collaborators (5) later found that a-dextrins of an average 
chain length of less than 25 glucose units, after being treated with the Q 
enzyme, gave the same hydrolysis limit with B- amylase as untreated ones, 
whereas a decrease in hydrolysis limit was observed when dextrins of con- 
siderably longer chains were subjected to the action of thisenzyme. These 
results indicated that short chain dextrins are incapable of acting as sub- 
strate for the synthesis of amylopectin. Peat and his collaborators there- 
fore modified their original pseudoamylose hypothesis and now believe that 
chains of greater length than 20 glucose units are required by the Q enzyme 
for the conversion of amylose to amylopectin. 

We have obtained evidence which is in accord with the later hypothesis 
of Peat and his collaborators that formation of long chains is a requisite 
prior to synthesis of amylopectin by the action of the Q enzyme. It was 

* The authors are grateful to the Corn Industries Research Foundation for the 
support of the work. 
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found that linear dextrins of chain length from 23 to 42 glucose units are 
not converted to compounds of higher molecular weight than those of the 
original substrate, when subjected to the action of Q enzyme. On the 
other hand, corn amylose which has been degraded by mild acid hydrolysis 
to an average chain length of approximately 116 glucose units is converted 
to amylopectin by this enzyme (Table I). Although a 42 glucose unit 
dextrin is longer than the branches constituting the amylopectin molecule, 
it appears that the Q enzyme is incapable of rupturing this chain and uti- 
lizing the energy required for the establishment of 1,6 linkages. Appar- 
ently the dextrin must reach a certain size before the enzyme is able to act 
on it. Inasmuch as dextrin of approximately 116 glucose units in size is 
converted to amylopectin, the minimum chain length must lie between the 
approximate values of 42 and 116. 


Taste I 
Formation of Amylopectin from Various Linear Deztrins and Amylose 
Formation of amylopectin 
Chain length 
After 5 hrs. After 24 hrs. 

23 

30 

42 ** 
116 (Amylose) + + 


It seemed possible that linear dextrins might be utilized for amylopectin 
formation if amylose were present to serve as a nucleus. An experiment 
was therefore performed in which the Q enzyme and short chain dextrins 
of 23 to 42 glucose units were incubated in the presence of a small amount 
of amylose. The results indicated that these dextrins were not utilized by 
the enzyme for amylopectin formation in the presence of a small amount 
of amylose. 

In considering the mechanism of amylopectin formation from amylose, 
two modes of action by the Q enzyme can be visualized. The enzyme may 
attack one amylose chain at a time and join the 20 unit fragments through 
1,6 linkages to another linear molecule, thus forming a highly branched 
structure which is completed before the enzyme starts on another molecule. 
Alternately, the Q enzyme may act in random fashion by transferring the 
degraded amylose fragments to a number of other amylose molecules, form- 
ing branched structures. If amylopectin synthesis takes place through the 
former mode of action, one would expect the product to be a mixture of 
amylopectin and undegraded amylose, in the event the reaction is arrested 
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after a short period of incubation. But if the latter mechanism operates, 
the product should consist of intermediate molecules with a lesser degree of 
branching than those produced after a long period of incubation (24 hours). 
Thus, the synthetic material should consist of molecules with branches of 
a greater number than 20 glucose units per end-group. Examination of 
the products synthesized after progressively longer periods of incubation 
with the Q enzyme led to the conclusion that the latter hypothesis is correct. 

In a series of experiments the reaction of the Q enzyme with amylose 
was arrested at intervals of 1, 2, 4, and 24 hours and the digest subjected 
to pentasol fractionation, known to separate amylose from amylopectin. 
The resulting pentasol precipitates possessed blue values which were inter- 
mediate between that of amylose and amylopectin; these values remained 
constant after reprecipitation. End-group analysis of these fractions 
showed a progressive increase with time in the degree of branching; namely, 
111, 77, 56, and 41 glucose units per end- group. It was therefore concluded 
that these fractions possess molecular structures intermediate between those 
of amylose and amylopectin. By varying the relative concentrations of 
potato phosphorylase and the Q enzyme, with glucose-1-phosphate as sub- 
strate, Barker, Bourne, Peat, and Wilkinson (6) also obtained fractions that 
appeared to have a degree of branching intermediate between that of linear 
amylose and branched amylopectin. 

Another point of interest was the small size of the Q enzyme-synthesized 
product in relation to that of natural amylopectin, whose molecular weight 
is more than a million. We previously reported a value of approximately 
54,000 for the molecular weight of synthetic amylopectin (2), and since 
then have obtained similar or in some cases smaller values. Likewise, anal- 
ysis of an amylopectin sample obtained from Professor Peat’s laboratory 
and synthesized from amylose by the action of the Q enzyme showed a 
molecular weight of 34,000, which is of the same order of magnitude as that 
obtained by us. The reason for the low molecular weight of the synthetic 
product has been attributed to degradative action of either an a-amylase 
impurity or a debranching enzyme (7, 8), or both, which may be present 
in the Q enzyme preparation. 

The noticeable delayed rise in the measurable reducing value of the en- 
zymatic digest (9) during formation of branched polysaccharide suggested 
the possibility that large sized molecules, approximating those of natural 
amylopectin, might be formed in the initial stages of the reaction, but are 
subsequently degraded by enzymatic impurities. However, it was found 
that the molecular weight of the intermediate fractions was small at the 
beginning and gradually decreased as the reaction progressed. Attempts 
to eliminate the enzymatic impurities responsible for the hydrolytic degra- 
dation were not successful. 
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EXPERIMENTAL 

Preparation of Linear Dextrins—Linear dextrins of average size of 23, 30, 
42, and 116 glucose units were used in these experiments. The 23 and 42 
glucose unit samples were supplied by Dr. Dexter French of Iowa State 
College, who determined their molecular weights by hypoiodite oxidation 
(10). These molecular weights were confirmed by a method based on the 
determination of the reducing value of the polysaccharides (11). 

The 30 glucose unit dextrin and the 116 glucose unit amylose were ob- 
tained through controlled acid hydrolysis of corn amylose as follows: 5 gm. 
of amylose were dissolved in 2 N sodium hydroxide and the solution was 
made up to 500 ml., neutralized with sulfuric acid, and enough acid was 
then added to bring the concentration of the solution to 0.05 n. The solu- 
tion was heated on a steam bath and 125 ml. portions were removed at 15 
minute intervals, cooled, and neutralized. The four portions obtained were 
subjected to pentasol fractionation (12) and the precipitated amyloses of 
the third and fourth fractions combined and analyzed for molecular weight. 
Osmotic pressure measurement showed a chain length of 126, while the 
method based on the reducing value (11) indicated a chain length of 106. 
The value of 116, which is the average of the two molecular weight values, 
was subsequently used. 

The supernatant fractions from the pentasol precipitation, which con- 
tained the shorter linear dextrins, were concentrated under a vacuum until 
portions of the dextrins precipitated. They were then centrifuged, washed, 
and dried. The remaining solutions were dialyzed to eliminate the inor- 
ganic impurities, precipitated with acetone, centrifuged, washed, and dried. 
The dextrin fractions obtained in this manner varied in molecular weight, 
determined from their reducing values, from 25 to 40 glucose units. A 
fraction of 30 unit average chain length was used in the subsequent ex- 
periments. 

Synthesis of Amylopectin from Linear Dextrins—Duplicate 100 mg. sam- 
ples of each of the dextrins of 23, 30, and 42 glucose units and also of the 
approximately 116 unit amylose were mixed with 30 ml. of the Q enzyme 
and 30 ml. of acetate buffer, pH 7.0, and made up to 100 ml. The incuba- 
tion of one sample was allowed to proceed for 5 hours and that of the dupli- 
cate for 24 hours. At the end of these periods the digests were inactivated 
by heating, deproteinized by filtration, and the solutions concentrated un- 
der a vacuum to 10 ml. When the solutions containing dextrins of 23, 30, 
and 42 glucose units were examined for the presence of amylopectin by the 
formamide test (13), no amylopectin could be detected. On the basis of 
previous yields, if amylopectin had been formed from amylose a minimum 
of 50 mg. of amylopectin (0.5 per cent) should have been present. Since 
the latter polysaccharide is easily detectable in such a concentration by 


788 AMYLOPECTIN AND Q ENZYME 


S. NUSSENBAUM AND w. z. HASSID 789 


the appearance of the characteristic ring when the formamide test is used, 
it can be assumed that no appreciable amount of amylopectin could have 
been formed (see Table I). However, the product isolated from the digest 
in which the amylose consisting of approximately 116 glucose units served 
as substrate gave a positive formamide test, indicating the presence of 
amylopectin. It can therefore be concluded that linear dextrin of less than 
42 glucose units in length cannot be utilized by the Q enzyme as substrate 
for conversion to branched polysaccharide. 

The possibility that the linear dextrins might be converted into amylo- 
pectin by the Q ensyme, if amylose is present to serve as a nucleus or 
primer, was also explored. For this purpose, an experiment was performed 
in which 100 mg. of 23 unit dextrin and 10 mg. of corn amylose were used 
in the presence of the Q enzyme. The concentration of amylopectin formed 
from this amount of amylose was too small to be detected by the formamide 
test. Hence if any amylopectin had been synthesized, it must have been 
due to the conversion of the dextrin. There was no indication that amylc- 
pectin was formed. 

Formation of Components with Intermediate Degree of Branching—It has 
been shown that, when the Q enzyme is incubated with amylose and the 
reaction is allowed to proceed for 24 hours, the branched product formed 
usually contains approximately 20 glucose units per end-group. In the 
following experiments the reaction was arrested at various time intervals 
and the end-group of the synthetic products determined. 

The procedure employed for obtaining intermediate fractions was similar 
to that previously described (2) for the preparation of synthetic amylopec- 
tin. 10 gm. of corn amylose were dissolved in 2 & sodium hydroxide, neu- 
tralized with dilute sulfuric acid to pH 7.0, sodium acetate buffer, pH 7, 
and the Q enzyme were added, and the solution diluted to 10 liters. Three 
portions of the digest, each containing 3 gm. of substrate, and the last por- 
tion containing 1 gm. were withdrawn at 1, 2, 4, and 24 hour intervals. 
The amount of active enzyme added in these experiments was less than that 
used in the preparation of synthetic amylopectin and hence the conversion 
proceeded at a considerably slower rate. Its activity, as judged by the 
loss of the original blue value of the digest during the four time intervals, 
amounted to 26, 41, 66, and 88 per cent, respectively, as compared with 
the 80 to 90 per cent loss of blue value obtained within the Ist hour when 
a higher enzyme concentration was used in previous experiments (2). The 
four fractions were deproteinised by heating for 1 hour on a water bath, 
with subsequent filtration, and subjected to pentasol fractionation. The 
precipitated fractions were washed, dried, and weighed. Their analysis 
is presented in Table II. 

After the pentasol precipitate had been separated, enough material was 
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obtained from the supernatant liquid of Samples 3 and 4 to isolate the syn- 
thetic amylopectin by alcohol precipitation. End-group analysis by peri- 
odate oxidation of these fractions showed that both contained 27 glucose 
units per end-group. 

Table II shows that the blue value of the digest progressively decreased 
with time (Column 3). The same trend was also observed with the penta- 
sol-precipitated material (Column 4); its yield gradually diminished with 
the passage of time (Column 5). Whereas 79 per cent of the original sub- 
strate in the digest precipitated with pentasol after 1 hour, only 27 per cent 
precipitated after 24 hours. The end-group analysis of the pentasol-pre- 


Taste II 
Conversion of Amylose to Intermediate Compounds after Various Periods of Incubation 
with Q Enzyme 
The digest consisted of 10 gm. of corn amylose to which sodium acetate buffer, 
pH 7.0, and the Q enzyme were added and the solution was diluted to 10 liters. 
Each of the first three fractions withdrawn contained 3 gm. of the substrate; the 
last fraction contained 1 gm. 


Blue value of | Blue value of | Vield of 
t in No. of glucose 
Time of ‘cent init | “units per 
Sample No. incubation ter ding traction fraction end. group 
(1) (2) (3) (4) (S) (6) (7) 
brs emis cent 
0 100 160 730 760 
1 1 74 130 79 480 111 
2 2 59 105 74 410 77 
3 4 34 80 60 350 56 
4 24 12 62 27 220 41 


cipitated fractions showed a progressive increase in the degree of branching 
(Column 7). Between the Ist and 24th hour a decrease in chain length 
from 111 to 41 glucose units was observed. Since it is established that 
highly branched starches are not precipitated with pentasol, the fact that 
these fractions were precipitated by this alcohol indicates that they are not 
mixtures of amylose and synthetic amylopectin. Thus, for example, on 
the basis of blue values of 160 and 30 determined for pure amylose and 
synthetic amylopectin respectively, Sample 3, which had a constant blue 
value! of 80 after two pentasol precipitations, should consist of 38 per cent 

The blue values were determined by the method of McCready and Hassid (14), 
by using the Klett-Summerson photoelectric colorimeter, with the modification that 
a test-tube, instead of the 20 mm. glass cell, was used as a container for the solu- 
tion to be analyzed. The blue values thus obtained were smaller. Whereas a 0.001 
per cent pure amylose gives a reading of 300 when a glass cell is used, a value of 160 
is obtained when a test-tube is used. 
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amylose and 62 per cent synthetic amylopectin. However, when an arti- 
ficial mixture of amylose and synthetic amylopectin in these proportions, 
having a blue value of 74, was subjected to one pentasol precipitation, the 
precipitated fraction had a blue value of 130. These results are consistent 
with the idea that the synthetic fractions obtained after relatively short 
periods of incubation with the Q enzyme are intermediates in structure 
between amylose and amylopectin. The gradual increase in the degree of 
branching of the samples (from an end-group of 111 to 41) indicates that 
the action of the Q enzyme on the amylose molecules is random. 
Molecular Weights—The molecular weight of the fractions was estimated 
from their reducing values by a method in which ferricyanide was used as 
an oxidizing agent (15). By this method, a fair agreement was obtained 
when the molecular weights of a number of starch fractions and synthetic 
polysaccharides were determined and compared with those estimated from 
osmotic pressure measurements. Table II (Column 6) shows that the mo- 
lecular weight of the fractions decreased with the progress of the reaction. 


Linear dextrins of average chain length up to approximately 42 glu- 
cose units are not utilized by the Q enzyme of potato for the synthesis of 
branched amylopectin, while dextrins of 116 unit average chain length are 
converted by this enzyme to amylopectin. It appears that a dextrin of a 
certain minimum chain length, somewhere between these two values, must 
be available before the Q enzyme is able to act on it in the formation of 
branched polysaccharide. 

When the reaction of the Q enzyme with amylose is arrested after short 
periods of incubation, the synthetic polysaccharides appear to have struc- 
tures intermediate between those of amylose and amylopectin. This indi- 
cates that during the course of conversion the action of the Q enzyme on 
the amylose molecules is random. 

The molecular weight of the polysaccharide produced by the action of 
Q enzyme on amylose gradually decreased as the reaction progressed. The 
decrease is attributed to an a-amylase impurity or a debranching enzyme 
present in the Q enzyme preparation. 
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STUDIES IN STEROID METABOLISM* 
XIV. THE ISOLATION FROM HUMAN URINE OF 4A!°-17-KETOSTEROIDS 


By SEYMOUR LIEBERMAN,t LUCIE B. HARITON, PHYLLIS HUMPHRIES, 
C. P. RHOADS, ann KONRAD DOBRINER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, December 10, 1951) 


The isolation from human urine of A“ etiocholenolone (III) (Fig. 1) and 
A- androstenolone (IV), both derived by dehydration of the adrenocortical 
metabolites 11-hydroxyetiocholanolone (I) and 11-hydroxyandrosterone 
(II), is described in this report. Since the presence of 11-hydroxyetio- 
cholanolone has been established in a very high proportion of patients 
with neoplastic disease and is very rarely found in normal subjects (5-8), 
this investigation has a very significant bearing on cancer. The presence 
of this unusual steroid could easily have been overlooked, were it not for 
the systematic application of the powerful tool afforded by infra-red spec- 
trometry. The investigation, therefore, is reported as an application of a 
methodical procedure to the elucidation of the chemical structure of the 
compounds. The more purely clinical aspects of the problem have been 
published elsewhere (5-8). 

Infra-red spectrometry permits the positive identification of a com- 
pound by comparison of the spectrum with that of a known, pure sub- 
stance (9, 10). For this purpose, it is not necessary that the substance 
be obtained in crystalline form, since, indeed, non-crystalline eluates from 
a chromatogram often show spectra identical with those obtained from 
authentic samples. Prior to the use of infra-red spectrometry, it was nec- 
essary to depend upon the more usual criteria of identity, such as the con- 
stancy of properties after repeated chromatography, melting point of a 
pure sample and of mixtures, rotation, and the like, together with the 
preparation of suitable derivatives. By these means we, as well as others, 
have isolated and characterized a number of urinary steroids, including 
androsterone and etiocholanolone, two of the more abundant ketosteroids. 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Jane Coffin Childs Memorial Fund for Medical Research, 
the Commonwealth Fund, the Anna Fuller Fund, the Lillia Babbitt Hyde Founda- 
tion, the Albert and Mary Lasker Foundation, and the National Cancer Institute of 
the National Institutes of Health of the United States Public Health Service. Pre- 
liminary reports have been presented (1-4). 

Present address, Departments of Biochemistry and of Obstetrics and Gynecol- 
ogy, College of Physicians and Surgeons, Columbia University, New York. 
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These substances follow immediately upon one another when chromato- 
graphed on alumina. When, therefore, slight but significant changes 
were observed in the infra-red spectra of successive eluates, which upon 
isolation seemed to be either androsterone or etiocholanolone by the usual 
criteria, it became highly probable that a new compound was present 
together with the known steroid. 

A comparison of the spectrum of pure etiocholanolone (A) with that 
of an eluate (B), which, after crystallization, was identified as essentially 
pure etiocholanolone (m. p. 150-1557, [a], = 130° + 2°, no depression in 
mixed melting point), is shown in Fig. 2. These alterations in the spec- 
trum were interpreted as indicative of a mixture of etiocholanolone with 
a new component rather than a single new compound, since then a greater 


Fia. 1 


change in the spectrum would have been expected. When the new sub- 
stance was isolated and identified as A*-etiocholenolone (III), the spectrum 
(Fig. 2, C) proved to be quite different from that of etiocholanolone. 

Similar study of the ‘“androsterone”’ fractions led to the conclusion that 
the androsterone“ was a mixture of that substance with A*-androsteno- 
lone (IV, Fig. 1 and Fig. 3). The unsaturated analogue of androsterone 
was found in the urine of all subjects“ examined, whether normal or dis- 
eased, whereas the A“ etiocholenolone was found when neoplastic disease 
had been diagnosed. Therefore, our initial chemical efforts were directed 
to the purification of “etiocholanolone,” and the solution of this problem 
in turn afforded the essential information for the structural elucidation 
of the new component of the androsterone“ fraction. 

It is likely, therefore, that most of the investigators who have attempted to 


measure theexcretion of androsterone by isolation procedures have obtained mixtures 
of androsterone and A*-androstenolone. 
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Fic. 2. Infra-red absorption spectra of (A) etiocholanol-3a-one-17; (5) eluate 
from urinary extract containing A and C; (C) A*-etiocholenol-3a-one-17. The pres- 
ence of the components A and C in the mixture is indicated by the arrows at the 


absorption bands specific for each compound. 
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Fic. 3. Comparison of the infra-red spectra of androsterone and A“. androstenol - 
3a-one-17 with a urinary eluate containing both of these substances. 
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Repeated chromatography of the etiocholanolone' fractions resulted 
in only a slight enrichment of the new component as judged by the infra- 
red spectra. The various fractions had melting points slightly higher than 
authentic samples of etiocholanolone and showed a slightly higher dextro- 
rotation. An attempt was then made at Dr. L. C. Craig’s suggestion to 
effect a separation by counter-current distribution (11, 12). Since no 
suitable system was found for the liquid-liquid technique, a liquid-solid 
system (13) consisting of ether and alumina was employed. Exhaustive 
partition between the two phases afforded enrichment but not a complete 
separation of the constituents. In view of the marked similarity in be- 
havior, the conclusion was drawn that the unknown substance must be 
closely related to etiocholanolone. Since compounds that differ by only 
one double bond are eluted simultaneously and are most difficult to sepa- 
rate chromatographically (14, 15), the observations that the material 
gave a positive test with tetranitromethane indicated that the contami: ant 
was probably an unsaturated analogue of etiocholanolone. 

Among other possibilities, A etiocholenolone (III) was given the most 
serious consideration because 118-hydroxyandrosterone (II) had already 
been isolated (16-20) from human urine and shown to be dehydrated to 
A androstenolone by heating with mineral acid. At that time, vigorous 
acid hydrolysis had been our usual first step in the isolation of urinary 
steroids and the suspicion that dehydration of an 118-hydroxy] group had 
led to an unsaturated analogue of etiocholanolone was strong in our minds. 
We, therefore, urged Dr. L. H. Sarett to prepare the then unknown A’- 
etiocholenolone for comparison with the urinary steroid. In the most 
generous manner Dr. Sarett made (21) the desired compound and fur- 
nished us with a sample for infra-red spectrometry. The spectrum was 
compared with that of the most highly purified product from urine as 
well as with that of pure etiocholanolone (Fig. 2). The spectrum of A’- 
etiocholenolone is markedly different from that of etiocholanolone, but it 
resembles the spectrum of the urinary material in the shape and positions 
of certain bands marked by arrows in Fig. 2. This was taken as evidence 
that the urinary material was a mixture of A*-etiocholenolone and etio- 
cholanolone. 

The preparation of a derivative of the unsaturated component was 
therefore undertaken, and the 9,11-epoxide seemed to offer good oppor- 
tunity for separation and identification. The urinary material was oxi- 
dised with perbenzoic acid, and the epoxide was readily separated from 
etiocholanolone by chromatography. The epoxide was characterized and 
was identical in all respects, including the infra-red spectrum, with the 
same derivative prepared from Dr. Sarett’s sample of A“ etiocholenol- 
3a-one-17. 
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Subsequently, from the urine of a patient with cancer of the breast, we 
obtained fractions whose infra-red spectra indicated the presence of es- 
sentially pure A*-etiocholenolone. It was possible to crystallize 2 mg. of 
pure A“ etiocholenolone from these fractions and thus confirm by direct 
isolation the identity of the compound. 

The androsterone fractions from urinary extracts were found to give a 
yellow color with tetranitromethane. Repeated chromatography did not 
effect separation of the unsaturated component. The mixture was, there- 
fore, oxidized with perbengoic acid, and it was possible to achieve a ready 
separation of androsterone from an epoxide which was isolated and char- 
acterized as 3a-hydroxy-9a, I la-epoxyandrostan-17-one (V) (Fig. 4). The 
epoxide from the urinary material was identical in all respects, including 
the infra-red spectrum, with the epoxide V prepared from authentic A“ 


Fia. 4 


androstenolone, kindly furnished to us by Dr. H. L. Mason of the Mayo 
Foundation. A further proof of the structure of the epoxide V was ob- 
tained by oxidation to the epoxydiketone VI, which was identical with 
the compound prepared by Reich and Lardon (22), from allopregnane- 
3a,118,17a,20,21-pentol, VII (Reichstein’s Substance A). These au- 
thors had graciously prepared VI, in order to afford independent proof for 
the identity of the urinary steroid and kindly made their results and the 
product available to us for comparison. They oxidized Substance A 
(VII) with periodic acid and obtained the 17-ketone VIII which on de- 
hydration gave the androstenolone IX. Epoxylation (IX, X) followed 
by chromic acid oxidation led to the same diketoepoxide VI obtained from 
urinary sources. The double bond in IX was definitely located at C.- Cu 
because oxidation of IX with chromic acid yielded the a,§-unsaturated 
12-ketone, A*-androstene-3a-ol-12 ,17-dione (XI). 

Wolfe, Fieser, and Friedgood (23) and we, at a later time (20), reported 
the isolation of another androstenolone from human urine. Wolfe et al. 
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originally suggested that the compound was the A"-androsten-3a-ol-17-one. 
Although the infra-red spectra of this substance and its acetate are very 
similar to those of A*-androsten-3a-ol-17-one and its acetate, the spectra 
of the epoxides and benzoates of both compounds show marked differences. 
Shoppee (24) converted the androstenolone isolated by Wolfe et al. (23) to 
an unsaturated diketo derivative which was not identical with A°- 
drostene-3 ,17-dione. Fieser and Fieser (25) have recently reviewed the 
evidence bearing upon the structure of this androstenolone and have cast 
considerable doubt on the presence of an 11,12 double bond. It is ap- 
parent, therefore, that no certain conclusion about the structure of the 
compound in question can be drawn at this time and further investigation 
of the product will have to be undertaken. 

The two substances reported here (4*-androstenolone and A“ etiocho- 
lenolone) are transformation products formed from the corresponding 
118-hydroxy compounds by dehydration during the acid hydrolysis of the 
urine. The isolation of 11-hydroxyetiocholanolone from human urine 
has been reported by us (15) and by Dingemanse and Huis in’t Veld (26), 
and of 11-hydroxyandrosterone by us (20), by Mason and Kepler (17), 
and by Miller et al. (18). Both compounds are metabolites of adreno- 
cortical hormones with II-oxygen functions. This has been experimen- 
tally proved by their isolation after stimulation of the adrenals with ad- 
renocorticotropic hormone and after administration of cortisone acetate 
(26-30). The occurrence of 118-hydroxy derivatives of androsterone and 
etiocholanolone in urine thus affords, in part, a measure of the glandular 
production of adrenocortical hormones, and the abnormality of one of 
these excretory products in neoplasia clearly implies a key rdéle for the 
adrenal gland in this syndrome of disease. 

EXPERIMENTAL? 


The methods used to isolate the a-ketonic steroids from acid-hydrolyzed 
urine and to separate the individual components by fractional chromato- 
graphic analysis and the application of infra-red analysis have been de- 
scribed (10, 14). 

Isolation and Identification of A*-Etiocholenol-3a-one-17 (III) 
Chromatographic Separation 

Certain crystalline eluates obtained by chromatographic separation of 
urinary steroids were considered to be etiocholanolone by virtue of their 

2? The microanalyses reported herein were performed by the courtesy of Dr. A. 
Elek, The Rockefeller Institute for Medical Research, New York. The melting 


points were taken in a Hershberg melting point apparatus and are correct to about 
+1°. 
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position in the order of elution, their melting points, and mixed melting 
points. However, the infra-red spectra of these fractions were not identi- 
cal with those given by pure etiocholanolone. For further purification a 
sample melting at 148-154“ was recrystallized three times from acetone. 
The melting point of the product was 152—156°, with preliminary softening 
at 150°. This melting point was somewhat higher than the highest melt- 
ing point of authentic etiocholanolone, 152-153“. The mixture of this 
material with authentic etiocholanolone did not show any depression in 
melting point. Analysis was in agreement with etiocholanolone. 

CisH 02. Caleulated, C 78.57, H 10.40; found, C 78.46, H 10.48 


The infra-red absorption spectrum was different from that of pure etio- 
cholanolone. The fractions containing the higher melting material gave 
& positive test with tetranitromethane, indicating the presence of an un- 
saturated material. The specific rotation of +132° + 2° (10.23 mg. in 
2.00 ml. of ethanol) was significantly higher than that of pure etiocho- 
lanolone, [a], = +111° + 3°. 

Further purification by preparation of derivatives failed to produce a 
uniform material. 10 mg. of the material were acetylated, and the acetate 
after several recrystallizations from ligroin (b.p. 30°) melted at 86-88°. 
It did not depress the melting point of an authentic sample of etiocho- 
lanolone acetate, m. p. 88-89°. The oxime also was prepared and after 
two recrystallizations from ethyl acetate’ melted at 214-217°. Although 
the oxime melted at a lower temperature than an authentic sample of 
etiocholanolone oxime, m. p. 219-225°, there was no depression in melting 
point when the two were mixed. 


Counter-Current Distribution 


An attempt was made to employ the counter-current method of Craig 
et al. (11-13). Since it was difficult to find two liquid phases which would 
be suitable for steroids of closely related structure, we used, at Dr. Craig’s 
suggestion, a solid-liquid pair, alumina and ether. In order to employ 
this sytem properly, it was first necessary to determine the ratio of alumina 
to ether which would distribute pure etiocholanolone equally between the 
two phases (K = (amount in ether supernatant)/(amount adsorbed on 
alumina) = 1). With 500 mg. of alumina and 50 ml. of anhydrous ether, 
it was found that this condition was satisfied and K was relatively con- 
stant when the amount of etiocholanolone varied from 5 to 50 mg. The 
distribution studies were carried out in 50 ml. glass-stoppered graduated 

The recrystallizations necessary to purify these derivatives undoubtedly effected 
a slight separation and resulted in the purification of the derivative of one com- 
ponent, i.e. etiocholanolone. 
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cylinders and equilibrium was established in about 1 minute by vigorous 
shaking. 44.4 mg. of the urinary “etiocholanolone” (m. p. 154—-155.5°; 
[a]p = + 130° + 2°) were distributed between 500 mg. of alumina and 50 
ml. of anhydrous ether. The ether solution was then transferred to Tube 
2, which contained 500 mg. of alumina. 50 ml. of ether were then put into 
Tube 1 and both Tubes 1 and 2 were equilibrated. The process was re- 
peated until thirteen distributions had been made. 0.5 ml. of methanol 
was added to the ether in each tube, and the material adsorbed on the 
alumina was eluted. The ether supernatant was filtered through a plug 
of cotton and evaporated to dryness and the residue weighed to the near- 
est 0.1 mg. 

The weight of substances in each of the thirteen tubes was as follows 
(the values in parentheses are the optical rotations): Tube 1, 2.1 mg. 
(+111°); Tube 2, 3.1 mg.; Tube 3, 5.0 mg. (117°); Tube 4, 5.8 mg. (121°); 
Tube 5, 6.3 mg. (129°); Tube 6, 6.8 mg. (124°); Tube 7, 5.9 mg. (131°); 
Tube 8, 4.2 mg. (142° + 9.5°); Tube 9, 2.6 mg.; Tube 10, 1.1 mg.; Tube 
11, 0.5 mg.; Tube 12, 0.6 mg.; and Tube 13, 1.1 mg. 

These results indicated that the mixture had been resolved only slightly. 
The higher specific rotations of the material in Tubes 6 to 8 and the infra- 
red spectrum indicated that the unsaturated component was faster moving. 

The material in Tubes 3 to 11 was combined and redistributed in a simi- 
lar manner between ether and alumina. The results obtained revealed 
that further distribution by this technique could not, with the small 
amount of material on hand, succeed in complete separation because the 
partition coefficients of the two components were too nearly alike. There- 
fore, this approach was abandoned in favor of the method involving the 
preparation of the epoxide. 

Isolation As the Eporide 

Fractions which gave positive tests with tetranitromethane were com- 
bined (157 mg.) and treated with 5 ml. of a chloroform solution containing 
40 mg. of perbenzoic acid per ml. After 48 hours in the refrigerator, the 
solution was diluted with ethyl acetate and the extract washed with solu- 
tions of sodium bisulfite, sodium carbonate, and water. After drying 
over sodium sulfate and evaporation of the solvent in vacuo, 161 mg. of 
an oil remained and this was purified by chromatography on magnesium 
silicate-Celite. The column was developed with the following solvents: 
Fraction I, carbon tetrachloride (300 ml.), carbon tetrachloride + 10 per 
cent benzene (300 ml.), carbon tetrachloride + 20 per cent benzene (300 
ml.), carbon tetrachloride + 30 per cent benzene (300 ml.), carbon tetra- 
chloride + 40 per cent benzene (450 ml.), carbon tetrachloride + 50 per 
cent benzene (300 ml.), benzene (450 ml.), benzene + 3 per cent ether 
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(300 ml.); Fraction II, benzene + 5 per cent ether (300 ml.), bensene + 
10 per cent ether (300 ml.), benzene + 20 per cent ether (150 ml.), ben- 
ether (300 ml.), benzene + 50 per cent ether (300 ml.), ether (300 ml.), 
ether + 5 per cent acetone (300 ml.); Fraction IV, ether + increasing 
amounts of acetone and finally acetone. 

Very little material was eluted in Fraction I. The crystalline material 
found in the eluates of Fraction II was identified by infra-red spectro- 
scopy as pure etiocholanolone. The crystalline eluate (39 mg.) from Frac- 
tion III contained the epoxide, characterized by its infra-red spectrum. 
The material eluted in Fraction IV (54 mg.) was rechromatographed on 
magnesium silicate-Celite and furnished only small additional amounts of 
the epoxide. 

Fraction III (39 mg.) was purified further by rechromatographing on 
alumina. The crystalline epoxide was eluted with ether-benzene (1:1) 
and after two recrystallisations from ether-pentane melted at 182-184° 
(rods) (Kofler block); lan?“ = +116° + 5° (6.62 mg. in 1.01 ml. of 
ethanol) 


Pure A°-etiocholenol-3a-one-17, from Sarett’s partial synthesis, was 
treated with perbensoic acid, and after three recrystallizations from ace- 
tone-ligroin (b. p. 30°) the epoxide melted at 175-177°; [a]” = +123° + 7° 
(3.08 mg. in 2.00 ml. of ethanol). There was no depression of the melt- 
ing point when the epoxide obtained from urinary material was admixed 
with this sample, and the infra-red spectra of both products were identical. 

The acetate of 9,11-epoxyetiocholanolone was prepared from 23 mg. 
of the epoxide obtained from urine, and after purification by chromato- 
graphy on alumina two recrystallizations from pentane yielded crystals 
melting at 114° (Kofler block); lals = +128° + 2° (10.37 mg. in 1.01 
ml. of ethanol). 

In order to prepare the diketoepoxide from the small amount of material 
available, the acetoxyl group was removed by mild saponification at room 
temperature with potassium carbonate in aqueous methanol solution. 
14 mg. of the product (m. p. 182-184 were dissolved in 0.25 ml. of glacial 
acetic acid and treated with 0.30 ml. of a 2 per cent solution of chromic 
acid in 90 per cent acetic acid (2 atoms of oxygen). After standing 2} 
hours at room temperature, the acetic acid was removed under diminished 
pressure at 50°. The residue was taken up in water and ether, the ether 
extract was washed several times with 5 per cent sodium carbonate solu- 
tion and with water and dried over sodium sulfate, and the solvent re- 
moved. The oily residue (18 mg.) was chromatographed on 700 mg. of 
alumina. Crystalline 9,11-epoxyetiocholanedione-3,17 was eluted with 
bensene and after several recrystallizations from ether-pentane yielded 
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rods, m. p. 155-157° (Kofler block); laln = +85.2° + 6°. For analysis, 
the sample (2.394 mg.) was dried at 100° at 0.01 mm. for 2 hours. 


Cie H: Calculated, C 75.46, H 8.67; found, C 76.04, H 9.05 


From the urine of a patient with cancer, fractions were subsequently 
obtained which, from the infra-red spectra, contained A*-etiocholenolone 
in nearly pure form. These fractions were combined (138 mg.) and were 
chromatographed on alumina, with benzene and increasing amounts of 
ether as the eluents. The benzene + 30 to 50 per cent ether fractions 
yielded about 20 mg. of crystalline material which, on recrystallization 
from acetone, gave 2 mg. of the A“ etiocholenolone, m. p. 167—169.5°, with 
preliminary softening at 162°. When admixed with Dr. Sarett’s sample 
of Ab- etiocholenolone, melting at 168-170°, there was no depression in 
melting point. From the mother liquor, a second crop (14 mg.) melting 
at 159-166°, with softening at 152°, was obtained. Recrystallization of 
this fraction from acetone gave 5 mg. of A“ etiocholenolone, m. p. 166- 
169.5°; [al: = +151° + 5° (2.25 mg. in 2.00 ml. of acetone). Sarett (21) 
reported ſaſs = +155.5° + 2°. 

Isolation and Identification of A*-Androstenol-3a-one-17 (IV) 
Detection and Estimation 

Crystalline eluates were obtained which were considered to be andros- 
terone by the ordinary criteria; i. e., one typical fraction melted at 177- 
179°, with a specific rotation of [aJ* = +107° + 3.5°. A mixture with 
authentic androsterone (m. p. 184-185°; [a], = +97.7°) melted at 180- 
183°. However, comparison of the infra-red spectrum with that of 
authentic androsterone (Fig. 3) clearly demonstrated that the crystalline 
material was not pure androsterone. Since these fractions also gave a 
positive test with tetranitromethane, the presence of A*-androstenolone 
was suspected. 

Perbenzoic acid titrations were carried out on those fractions which 
gave strongly positive tetranitromethane tests in order to estimate quan- 
titatively the amount of unsaturated compound present in the mixtures. 
Two 15 mg. samples of a crude androsterone mixture were treated with a 
chloroform solution of perbenzoic acid. After standing in the refrigerator 
for 48 hours, an acidified potassium iodide solution was added and the 
liberated iodine was titrated with 0.0536 wn sodium thiosulfate. One 
sample required 3.30 ml. of thiosulfate and the other 3.35 ml., average 
3.33; two blank solutions of perbenzoic acid under similar conditions re- 
quired 3.87 ml. Consequently, 15 mg. of the urinary steroid consumed 
2.0 mg. of perbenzoic acid (equivalent to 0.54 ml. of 0.0536 Nn thiosulfate). 


Analyses by F. Weiser, Basel, Switzerland. 
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Assuming an empirical formula of Cie HO, (mol. wt. 288) for the unsatu- 
rated compound, this component comprised 28 per cent of the mixture. 


Isolation of the Eporide (V) 


A fraction (760 mg.), which by perbenzoic acid titration contained 60 
per cent of the unsaturated compound, was treated with perbenzoic acid 
as in the preceding experiment. The oxidation product (826 mg.) was 
dissolved in 300 ml. of carbon tetrachloride and chromatographed on 
magnesium silicate-Celite (weight, 2:1). The column was developed with 
benzene-carbon tetrachloride, benzene, and benzene containing 3, 5, and 
10 per cent of ether. Crystalline androsterone, the identity of which was 
established by infra-red analysis, was eluted with ether-benzene. In the 
fractions obtained with benzene containing 20, 30, 40, and 50 per cent of 
ether and with ether alone, a new crystalline substance was found whose 
infra-red spectrum was different from that of androsterone. The crys- 
talline material (94 mg.) was rechromatographed on alumina. The com- 
pound (V) eluted with ether-benzene (1:3) was recrystallized several times 
from acetone-ether to a constant melting point of 196-198 (Kofler block); 
lan = +90.4° + 1.50° (14.4 mg. in 1.01 ml. of ethanol). 


CisH2s0;. Calculated, C 74.96, H 9.27; found, C 74.10, H 9.07 


14 mg. of V were treated with benzoyl chloride in pyridine solution at 
room temperature. The product was purified by chromatography on 
alumina, and after several recrystallizations from ether-ligroin (b.p. 30°) 
the monobenzoate melted at 186-188°; [a] = +85.4° + 2° (5.42 mg. in 
1.01 ml. of ethanol). 


C:. O.. Calculated, C 76.44, H 7.89; found, C 76.62, H 7.91 


The epoxy benzoate did not depress the melting point of androsterone 
benzoate, m. p. 178-180°; [a], = +3.4°. 

The acetate of the epoxide was prepared with acetic anhydride in pyri- 
dine solution and melted at 160-162° (from ether-ligroin) (b.p. 30°); 
lan = 782.7 + 2° (7.17 mg. in 1.01 ml. of ethanol). It depressed the 
melting point of androsterone acetate, m. p. 164.5-166.5°. 


CHO. Calculated, C 72.81, H 8.72; found, C 72.61, H 8.84 


18 mg. of V were dissolved in 0.25 ml. of acetic acid and treated with 
0.38 ml. of 2 per cent chromic acid solution in acetic acid (2 atoms of oxy- 
gen). After the mixture was kept for 1} hours at room temperature, the 
acetic acid was removed under diminished pressure and the residue was 
extracted several times with ether. After washing the ether solution with 
sodium carbonate solution and water, the solvent was removed and the 


crystalline diketoepoxide VI was recrystallized several times from ace- 
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tone- ether, m. p. 213-215°; [als = +116° + 3° (8.06 mg. in 1.01 ml. of 
chloroform). 
CisH2,0;. Calculated, C 75.46, H 8.67; found, C 75.47, H 8.56 

The mixed melting point of this substance with the diketoepoxide pre- 
pared by Reich and Lardon (22) from Reichstein’s Substance A showed 
no depression. 

We were subsequently able to detect by infra-red analysis and isolate a 
pure sample of A*-androstenolone (IV) from the urine of a woman with 
cancer of the breast. It crystallized from ligroin (b.p. 60°) as needles 
melting at 187-187.5°; [als = +136° + 5° (4.11 mg. dissolved in 2.00 
ml. of ethanol). When mixed with a pure sample of A*-androstenol-3a- 
one-17 (m. p. 188-189°; [a], = +140° + 2°), generously made available 
to us by Dr. H. L. Mason (16), there was no depression of the melting 
point; A*-androstenolone did not depress the melting point of androsterone 
(m. p. 184-185°) upon admixture. 8 mg. of the urinary A- androstenol- 
3a-one-17 (IV) were oxidized with perbenzoic acid in chloroform solu- 
tion. The product was purified by chromatography on alumina and 
crystallized twice from acetone-ligroin. The epoxide melted at 193-195 
(with softening at 191°) and did not depress the melting point of V. The 
infra-red spectra of the two samples were identical. 


Infra-red spectrometry disclosed the presence of components previously 
unrecognized in the chromatographic fractions, obtained from hydrolyzed 
human urine, that were characterized as androsterone and “etiocho- 
lanolone” by conventional chemical criteria. The compounds were shown 
to be the unsaturated analogues A*-androstenol-3a-one-17 and A- etiocho- 
lenol-3a-one-17, produced by dehydration during acid hydrolysis. The 
urinary precursors are the corresponding 118-hydroxy steroids. 118-Hy- 
droxyandrosterone is found in the urine of normal and diseased subjects, 
whereas its isomer, 118-hydroxyetiocholanolone, is rarely found in the 
urine of normal people but is significantly associated with neoplastic 

The authors express their deep appreciation to Dr. Thomas F. Gallagher 
for his generous and valuable assistance in the preparation of this manu- 
script. 
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PREPARATION AND PROPERTIES OF THE ISOMERIC 
CYTIDYLIC ACIDS DERIVED FROM YEAST 
RIBONUCLEIC ACID* 


By HUBERT S. LORING, HENRY W. BORTNER, LUIS W. LEVY, 
AND MYRTLE L. HAMMELL 
(From the Department of Chemistry and the School of Medicine, Stanford University, 
Stanford, California) 
(Received for publication, August 21, 1951) 

The occurrence of two cytidylic acids in acid and alkaline hydrolysates 
of yeast ribonucleic acid has been established by the isolation of the pure 
isomers with [a], = ＋50 and [a], = +21° (in water) (1). Details of the 
chemical procedures which first led to their recognition as chemical entities 
have been published (2), as well as preliminary experiments from this labo- 
ratory (1) and from the laboratory of Cohn (3), indicating that fractiona- 
tion could be successfully accomplished by the use of ion exchange resins. 
This report presents a method for the hydrolysis of yeast nucleic acid with 
alkali in which a significant deamination of cytidylic acid is eliminated and 
records the detailed ion exchange procedures which have proved relatively 
more efficient for the fractionation of the cytidylic acids than the chemical 
procedures first described. In addition a new method is presented for the 
separation of the two compounds, as well as various other properties, which 
have now been determined. The latter include optical activity at various 
pH values, ultraviolet absorption spectra in comparison with cytidine, ti- 
tration behavior in the absence and presence of formaldehyde, the stabili- 
ties of the two compounds in solution at different hydrogen ion concentra- 

EXPERIMENTAL 


Hydrolysis of Yeast Ribonucleic Acid by 0.1 V Sodium Hydroxide at 100° 
—The hydrolysis of yeast ribonucleic acid to mononucleotides may be ac- 
complished by the use of dilute ammonia at 115-120 under pressure (4), 
or by the use of strong ammonia (5) or sodium hydroxide at room tempera- 
ture (6). We have found that, by heating a 2 per cent solution of sodium 
nucleate in 0.1 nN sodium hydroxide at 100° for 150 minutes, hydrolysis to 
mononucleotides occurs without the liberation of inorganic phosphate.' In 

* Aided by grants from the Rockefeller Foundation and the Nutrition Founda- 


, Ine. 
A modified Fiske and Subbarow procedure (7), developed in this laboratory in 
collaboration with A. P. Rinfret, was used. The colored phosphomolybdate com- 


4 


808 ISOMERIC CYTIDYLIC ACIDS 


quantitative experiments it was found that 1.08 equivalents of acid per 
mole of total phosphorus were liberated under these conditions. 

Preparation and Fractionation of Isomeric Cytidylic Acids by Ion Ex- 
change—The ion exchange procedures were similar to those described by 
Cohn for the fractionation of mg. quantities of the ribonucleotides with 
Dowex 1 (formate) (8). Both Dowex 1 and Dowex 2 in the formate form 
were used with essentially similar results. As the former resin is no longer 
available commercially, only the results with the latter are given. 

The sodium nucleate (100 gm. of Schwarz SN-4909) was dissolved in 5.0 
liters of hot 0.1 N sodium hydroxide and placed in a boiling water bath for 
2.5 hours. After cooling to room temperature, a small aliquot was re- 
moved, suitably diluted with 0.1 n hydrochloric acid, and the total optical 
density at 260 mu (Deo units)? determined. The value was 2.92 X 105. 
Sufficient 150 to 200 mesh Dowex 50 (hydrogen), about 450 gm., moist 
weight, was then added with stirring to bring the pH of the solution to 
about 7 (Beckman glass electrode). The Dowex 50 (hydrogen) was pre- 
pared by cycling between the sodium and the hydrogen forms four times 
with 1 & sodium hydroxide and 1 n hydrochloric acid. After the final 
treatment with acid, the resin was washed with water until the effluent 
washings gave a negative chloride test. The Dowex 50 added to the hy- 
drolysate was removed by filtration on a Büchner funnel and thoroughly 
washed with 500 ml. of water. The filtrate and washings contained 2.79 
X 10° D. units, indicating that only small amounts of ultraviolet absorb- 
ing substances were removed by Dowex 50 (hydrogen) under the conditions 
mentioned above. 

Various sizes of columns were employed for the fractionation of the 
mixed nucleotides present in the hydrolysate from 100 gm. of nucleic acid 
as prepared above. The results varied from incomplete separation of the 
cytidylic and adenylic fractions with relatively short columns to a partial 
fractionation of the isomeric cytidylic acids when a column approximately 
25 cm. X 28 sq. cm. was used. In general a better fractionation of the 
isomeric cytidylic acids was obtained when the total cytidylic acid fraction 
was placed on a second fairly long column and eluted with 0.05 n formic 
acid. Typical experiments describing the preparation of the cytidylic acid 
fraction and its separation into the isomers were as follows. A column 


plex is formed in 1 M acetate buffer at pH 4 by heating at 60° for 10 minutes. For 
total phosphate, the sample is digested, the colored complex formed, diluted to 
volume, and then the maximum color development is obtained by heating for 10 
minutes at 100°. The amount of color formed under these conditions is approxi- 
mately three times that obtained by allowing the solution to stand 0.5 hour at room 
temperature and is stable for several days. 

2 Dee units = optical density at 260 ma X dilution X volume. 
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18 cm. X 64 sq. cm. was made from a glass Büchner funnel with a fritted 
disk (90 mm. in diameter; coarse grade) and nearly filled with 700 gm. 
(dry weight) of Dowex 2 (chloride), 200 to 500 mesh. This resin was 
cycled four times with 1 N sodium hydroxide and 1 M formate buffer at pH 
4, and on the last cycle it was left in the formate form and washed with 
water to an optical density of about 0.01 at 260 my. The hydrolysate 
was passed through the column and the effluent collected. The column 
was washed with approximately 4 liters of water and the optical density 
of the pooled effluent and washings at 260 my measured. A value cor- 
responding to about 1.0 per cent of the total optical density of the hy- 
drolysate appeared in this fraction. It probably consisted of ribonucleo- 
sides and was discarded. Formic acid (0.1 &) was then passed through 
the column and samples of the effluent periodically examined for their op- 
tical density at 260 my, dase, and 280 my, de- When the ratio, dzso/deeo, 
originally about 0.8, approached a value of 1.8, the effluent was considered 
to contain chiefly cytidylic acid and was collected on a fraction collector 
in approximately 50 ml. portions. The complete removal of cytidylic 
acid was assumed when the ratio, dzs0/dze0, dropped below 1.8, and the 
individual fractions were pooled. This pooled fraction, 3.7 liters, con- 
tained 298,000 Dee units (10.8 per cent of the original) with a ratio dz3o/deeo 
of 1.91. The mixture of isomers was fractionated at pH 5 to 6 as de- 
scribed later. 

A similar experiment with the hydrolysate from 150 gm. of sodium 
nucleate gave a pooled cytidylic acid fraction containing 719,000 D.40 
units, dzso/dsso, 1.24. This fraction was resolved into its component cyti- 
dylic acid isomers by the following ion exchange technique. The solid 
was dissolved in 250 ml. of water with the aid of the minimum volume of 
concentrated ammonia, and the solution passed through a Dowex 2 (for- 
mate) column, approximately 36 cm. X 33 sq. cm. (prepared from a 65 
mm. glass Biichner funnel with fritted disk). The effluent solution and the 
water washings of about 1 liter gave a negligible optical density at 260 mu. 
Formic acid (0.05 N) was next passed through the column and the effluent 
collected with periodic sampling for optical density measurements at 260 
and 280 my. The first effluent fractions, approximately 2 liters, gave 
drso/deeo Of about 0.6. As elution was continued, this ratio increased, 
reaching a value of 1.84 after 7.5 liters had been collected. The total 
fraction contained only 1.9 per cent of that placed on the column and was 
discarded. Further elution with 0.05 n formic acid gave eluates with 
higher cytidylic acid concentrations, as shown in Fig. 1, in which the 
optical densities of the subsequent fractions are plotted against the total 
volumes of effluent collected. The fractions from 7.5 to 12.6 liters were 
pooled and found to contain 201,000 Dees units with a ratio of 1.84. On 
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concentration to dryness in vacuo and washing with absolute alcohol, 9.2 
gm. of cytidylic acid were collected (93 per cent of that calculated from 
the total optical density of this fraction). This material gave a rotation 
of [a], = —5.3°, c 2 per cent, as the disodium salt.“ The third pooled 
fraction, 12.6 to 13.7 liters, contained 52,400 D. units with a ratio, 
dzse/ dzso, Of 1.94. It was also concentrated to dryness in vacuo, and, 
on re-solution of the residue, 2.2 gm., in dilute ammonia and reprecipitation 
at pH 3 gave a rotation of [a], = +35°,c1 percent. The fourth fraction, 
13.7 to 16.5 liters, or a total of 2.8 liters, contained 164,000 D. units 


+184 


> 
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OPTICAL DENSITY A 
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28 


VOLUME OF EFFLUENT IN LITERS 
Fic. 1. Elution diagram of cytidylic acid isomers from Dowex 2 (formate) with 
0.05 & formic acid. The numbers are optical density ratios, d2s9/d2e0, of the respec- 
tive fractions. 


with a ratio dzso/dxso of 1.98. This fraction on concentration to dryness 
as before gave 7.7 gm. of cytidylic acid with a rotation of [a], = +45.4°,c 
1 per cent. The total yield of relatively pure cytidylic acids found in 
this experiment amounted to 12.7 per cent of the sodium nucleate used 
or to 86 per cent of the calculated value for the total cytidylic acid fraction 
eluted from the Dowex 2 (formate). : 


* The rotations reported here and on subsequent samples of cytidylic acid, ex- 
cept where otherwise noted, were taken in the presence of 2 equivalents of sodium 
hydroxide because of the low solubilities of the free cytidylic acids in water. The 
concentrations are given for the substance actually weighed in each case. In refer- 
ring to the respective isomers, the rotations mentioned are the rotations in water 
under the conditions given in Table I. From optical density ratios and elution char- 
acteristics, the isomer with la lo +18° corresponds to cytidylic acid a of Cohn (3), 
while that with +50° is cytidylic acid b. 
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The samples recovered from the formic acid eluates could be recrystal- 
lized either by dissolving in about 100 ml. of dilute ammonia and repre- 
cipitating at pH 2.8 to 3.0 with sulfuric acid‘ or by dissolving in warm water, 

concentrating in vacuo to incipient crystallization, and adding an equal 
volume of alcohol. After standing overnight in ice, the crystalline pre- 
cipitates were filtered and washed with ice-cold water, alcohol, and ether. 
The yield of air-dried product was approximately 90 per cent in the case 
of both isomers. The final specific rotations found for the two isomers as 
disodium salts were aft = —8.1°, e 2 per cent, and +46°, e 1 per cent. 
The respective analyses were as follows: Found, C 33.43, 33.68; H 4.31, 
4.32; N 13.02 (micro-Kjeldahl), and C 33.54, 33.65; H 4.44, 4.53 N 12.9 
(micro-Kjeldahl). Calculated (C, HO, N. P), C 33.4; H 4.37; N 13.0. 

Other experiments were performed in which the mixed nucleotides were 
removed on a Dowex 2 (hydroxide) column and eluted with 0.05 n NaOH. 
The cytidylic acid fraction was readily separated from the other nucleo- 
tides but was not fractionated into the individual isomers. The use of 
base for elution of the nucleotides complicates their isolation in the free 
form because of the presence of relatively large amounts of sodium ion. 

Separation of Isomeric Cytidylic Acids by Fractionation of Ammonium 
Salts with Alcohol—It was observed in experiments in which attempts were 
made to fractionate mixtures of the two isomers by precipitation with 
alcohol near pH 3.5 that the [a], = +18° isomer formed a relatively 
insoluble ammonium salt and could be readily separated from the [a], = 
+50° isomer by this procedure. The latter was obtained in the free 
form from the filtrate of the ammonium salt by precipitation at pH 3 in 
the presence of about 50 per cent alcohol. 

This procedure could be applied directly to the cytidylic acid fraction 
eluted with 0.1 N formic acid or to pooled cytidylic acid fractions, which 
from their rotations were evidently mixtures of both isomers. The cyti- 
dylic acid fraction with d2so/d2e0 of 1.91 obtained from 100 gm. of sodium 
ribonucleate, as mentioned above, was fractionated in this way. The 
pooled 0.1 Nn formic acid eluate was concentrated to dryness in vacuo and 
the process repeated twice after resuspension of the residue in water. 

The residue was dissolved in the minimum volume of hot water by ad- 
justing to pH 5 to 6 with concentrated ammonia and the solution treated 
with 2 volumes of alcohol. On standing overnight in the refrigerator, a 
yield of 4.1 gm. of air-dried product with [a], = —6.3° wasobtained. The 
mother liquor was concentrated to about 20 ml. under an air stream, and 
on further treatment with alcohol gave an additional yield of 1.3 gm. of 


The free acids precipitated at these pH values were usually free of sulfate and 
ammonia. At slightly higher pH values the +18° isomer contained traces of am- 
monia detectable with Nessler’s reagent. 

* Microchemical Specialties Company, Berkeley, California. 
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crystals with [a], = —6.0°. The resulting mother liquor, after concentra- 
tion to about 20 ml. and adjustment of the pH to 3, on standing over- 
night in the refrigerator, gave 6.3 gm. of product with [a], = +41°. 
Two recrystallizations from water gave 4.9 gm. of cytidylic acid with 
[a], = +44.8°. 

The crystalline ammonium salt mentioned above melted with decom- 
position at about 195° when placed in the bath at 185-190°. It could be 
readily recrystallized from water and alcohol and recovered with the same 
decomposition point and with a final rotation of [a], = —7.1°. The water 
of hydration of samples crystallized at pH values from 5.9 to 6.3 varied 
from 5.0 to 5.9 per cent and the nitrogen content of the dried samples 
(to constant weight in vacuo over P. O, at 100°) from 15.6 to 15.9 per cent 
as compared to the theory of 5.03 per cent H,O and 16.5 per cent N for 
N, P-· NH. - Free cytidylic acid with the same specific rota- 
tion and analysis as that prepared by ion exchange was recovered from 
the different ammonium salts by precipitation at pH 2.8 to 3.0. 

Monocyclohexylammonium Cytidylate—In order to characterize the iso- 
meric cytidylic acids further, attempts were made to prepare a crystalline 
monoammonium salt of the isomer with [a], = +50° as well as the mono- 
and dicyclohexylamine salts of each isomer. Of these the only product 
recovered as a characteristic derivative was the monocyclohexylammonium 
salt of the isomer with [a], = +18°. This compound was prepared by 
the addition of the theoretical amount of redistilled cyclohexylamine in al- 
cohol to a 200 mg. sample of cytidylic acid dissolved in water. On concen- 
tration to about 2 ml., 245 mg. of needle-like crystals were obtained. The 
air-dried product decomposed at 204-2057, when placed in the bath at 200°, 
and this value was not altered significantly by recrystallization. Analyses 
of the recrystallized air-dried product showed it to contain 12.55 per cent 
of N*® by the micro-Dumas method and 3.1 per cent water (dried for 20 
minutes in a high vacuum at 100° over P. O.) as compared to the theory of 
12.7 per cent N and 4.1 per cent water for CsH,OsN;:P-NH:C.H;;-H:0. 

Optical Activity under Different Conditions—The optical rotations of the 
isomeric cytidylic acids mentioned previously were determined as disodium 
salts. This method of distinguishing between the two isomers was adopted 
because of the increased solubilities of both compounds in alkali and be- 
cause the largest differences in optical activity were found under these 
conditions. The specific rotations determined at various pH values are 
presented in Table I. 

Of interest was the fact that the specific rotations of both isomers ap- 
proached very nearly the same value in 1 N acid. Because such a result 
might have been explained by isomerization to an equilibrium mixture 
of both compounds, the solution in each case was readjusted to pH 9 
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and the rotations again determined. Values of [a], = +41° and —1° 
were found for the isomers, indicating that approximately 10 per cent 
isomerization had occurred in each case. 

Ultraviolet Absorption Spectra of Isomeric Cytidylic Acids Stock solu- 
tions of each of the analytically pure compounds (dried to constant weight 
in vacuo over PO; at 100°) were prepared by dissolving approximately 
0.5 mm of each in 1 liter of distilled water. 10 ml. aliquots were diluted to 
100 ml. with 0.1 N hydrochloric acid for optical density measurements in 
a Beckman quartz spectrophotometer, model DU, in which the wave- 
length scale had been calibrated with the green line of a mercury vapor 
lamp (546.1 my). The molecular extinction coefficients corresponding to 
the optical density readings taken over the range from 220 to 300 ma 
were calculated and plotted as shown in Fig. 2, in comparison with those 


Tasiz I 
Specific Rotation of Isomeric Cytidylic Acids at Different pH Values 
Sample pH 0 pH 3.2 pH 9 pH 11 pH 14 
degrees degrees degrees degrees degrees 
lalp = +50°, pH 3.2 +29 +37 +46 +46 +17 
lolo = +18°, “ 3.2 +32 +2 —8 —8 —2 


The rotations were determined for 1 per cent solutions with the exception of those 
at pH 3.2, which were 0.5 per cent. I HCl and NaOH were used to give pH O and 
14 respectively. The intermediate pH values were obtained by titration of the 
samples of free acid to the pH values above, by using the Beckman pH meter. ä 


of a highly purified sample of cytidine sulfate. It may be seen that all 
three compounds have absorption maxima and minima at very nearly the 
same wave-lengths. While the isomer with [a], +50° gave a molecular 
extinction coefficient almost identical with that for cytidine, the one with 
[a], = +18° was significantly lower. The extinction values for the min- 
ima, however, were different in each case, with cytidine giving the lowest 
value and the + 18° isomer the highest. The extinction values previously 
reported for a cytidylic acid sample of [a], = +42° (in water) (9), as 
would be expected, are intermediate between those of the two pure com- 
pounds. 

Titration Curves—Samples of 100 mg. of each isomer were dissolved in 
10 ml. of water containing 1 or 2 equivalents of HCl by warming slightly. 
The cooled solutions were immediately titrated with standard 0.5 n NaOH 
and the pH changes followed by means of a Beckman pH meter, model G, 
with external electrodes. The titration curves shown in Fig. 3 were ob- 
tained. On back-titration with standard acid no anomalous results were 
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Fig. 2. The ultraviolet absorption spectra of the cytidylic acid isomers and cyti- 
dine sulfate; @, isomer with [a], = +18°; O, isomer with [a], = +50°; and O, cyti- 
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Fic. 3. Titration curves of eytidylie acids, (ao = +50° and +18°; broken curves 
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found. The apparent dissociation constants, pKa’, of the primary phos- 
phoric acid groups were calculated for the two isomers by the method 
used by Levene and Simms (10). The same value of about 0.7 was found 
in each case, as compared to that of 0.8 previously reported for the isomer 
of [a], = +50°. The corresponding constants for the amino and the 
secondary phosphoric acid groups were estimated from the titration curves 
and the Henderson-Hasselbalch equation. The respective values found 
for the [a], = +50° isomer were 4.3 and 6.0 as compared to 4.3 and 6.2 
for that with [a], = +18°. The former values are in agreement with 
those previously reported (10) for the same cytidylic acid. Optical ac- 
tivity measurements at pH 9 after solution in acid, as mentioned above, 
showed that no significant amount of isomerization was produced by the 
initial treatment with acid. 

When 100 mg. of either compound were warmed slightly in the presence 
of 10 ml. of 18 per cent formaldehyde, the pH decreased and complete 
solution was effected in both cases. Titration with 1 equivalent of alkali 
(Fig. 3) gave essentially identical curves, while the 2nd equivalent gave 
identical pH values with those obtained in both cases in the absence of 
formaldehyde. 

The titration results, both without and with formaldehyde, are in agree- 
ment with the theory that the crystalline compounds occur in switter ion 
form and that the Ist equivalent of alkali, in the absence of formaldehyde, 
is concerned with the back-titration of the amino group, and the 2nd 
with the dissociation of the secondary phosphoric acid grouping. Simi- 
larly it appears that 1 equivalent of acid added at pH 3.0 is concerned 
with the back-titration of the primary phosphoric acid dissociation in 
each case. In the presence of 18 per cent formaldehyde the basic proper- 
ties of the amino groups are largely eliminated, as shown by the increased 
acidity of the cytidylic acid solution. 

Relative Stabilities of Isomeric Cytidylic Acids—While the two cytidylic 
acids have been isolated from acid as well as alkaline hydrolysates of yeast 
ribonucleic acid (1, 2), it was not clear whether their occurrence was 
dependent on the original nucleic acid structure or whether they were 
formed by isomerization during hydrolysis. To obtain evidence regarding 
these questions, the relative stabilities of the two compounds were deter- 
mined under several different conditions. 

Behavior in 1 n Acid—Solutions of each isomer containing 1 per cent 
cytidylic acid in 1 & sulfuric acid were titrated to pH 9 to 10 after heating 
in boiling water for 1 hour and their optical rotations determined. Values 
of [a], = +23.4° and +23.8° were found for the isomers with [a], = +18° 
and +50° respectively, showing that an equilibrium mixture had been 
formed in each case consisting of 43 and 57 per cent of the two compounds 
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in the order mentioned. The absorption spectra of the heated solutions 
taken in 0.1 , HCl agreed closely with that expected for a 43 to 57 per 
cent mixture. The absorption maxima found, however, were approxi- 
mately 2 per cent lower than the calculated values. Treatment of such 
heated solutions with prostatic phosphatase and spectrophotometric analy- 
ses for uridine* showed about 3 per cent deamination, accounting for the 
slight decrease in absorption maxima observed. Similarly, analyses of the 
solutions for inorganic phosphate showed that dephosphorylation had oc- 
curred to the extent of about 2 per cent. 

On heating either the cytidylic or uridylic acid isomers for a short 
period in 0.1 n acid, Cohn (3) has reported in a preliminary note that 
isomerization occurs to the extent of 50 per cent. 

Behavior in Aqueous Solution at pH 3—Approximately 0.5 per cent solu- 
tions of each isomer in water were heated in a boiling water bath for 
varying periods of time up to 295 minutes. After cooling and diluting to 
volume, their pH, optical activity, and optical density ratio at 280 to 
260 my in 0.1 n HCl were determined. It is evident from the results 
which are summarised in Fig. 4 that appreciable decomposition took place 
in both cases without the formation of an equilibrium mixture of the two 
isomers. Analyses for inorganic phosphate after 295 minutes showed 33 
and 37 per cent dephosphorylation for the isomers with [a], = +18° 
and +50° respectively, indicating the formation of relatively large amounts 
of nucleosides or of free bases. If the assumption is made that the decrease 
in optical density ratio in each case represents deamination, the relative 
amounts of uridylic acids formed calculated from the changes in optical 
density ratios were 17 and 10 per cent respectively. Of interest is the 
increase in the specific rotation of the +18° isomer during the initial 
period of heating. The results show the relatively great instability of 
this compound under these conditions and account for the higher values 
previously reported for the specific rotation of this isomer in water (1, 2). 

Behavior at pH II, 12, and 18—Solutions containing approximately 3 per 
cent of each isomer as the disodium salt in 0.001 & sodium hydroxide 
were heated at 100° for 2.5 hours. The isomer with [a], = —8° initially 
and dzve/ deo = 1.86 gave a specific rotation after heating of —6.7°. The 
optical density ratio was unchanged. The isomer with [a], = +46° ini- 
tially and optical density ratio of 2.01 gave a rotation after heating of 
+45.1° and an optical density ratio of 1.97. It was concluded that both 
cytidylic acid isomers are relatively stable at pH 11. 

Similar experiments were performed with the [a], = +50° isomer in 
0.01 & and 0.1 N sodium hydroxide. The percentage deamination was 
calculated from the optical densities at 260 and 280 my in 0.01 n HCl, 


* Loring, Fairley, Bortner, and Seagran, unpublished data. 
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as previously given in following the deamination of cytidine to uridine 
(11). The respective amounts of deamination found after heating for 
2.5 hours were about 2 and 12 per cent. In the initial experiments on 
the hydrolysis of ribonucleic acid, the pH decreased from 12 to 11.5 in 
about 30 minutes. It is apparent therefore that the extent of deamination 
of cytidylic acid during hydrolysis under the conditions given would be 
relatively insignificant. 

Behavior in IV Alkali at Room Temperature—Because 1 N alkali at room 


SPECIFIC ROTATION 
OPTICAL DENSITY RATIO 280 my/260my 


2 3 
TIME IN HOURS 
Fic. 4. Solid curves, changes in optical activity; broken curves, optical density 
ratio, due/ dee; @, on heating aqueous solutions of cytidylic acid, lals = +50°, and 
O, lalp = +18°. pH constant in each case at 3.2. 


temperature is often used for the hydrolysis of ribonucleic acid, it was of 
interest to investigate the stability of the two cytidylic acids under these 
conditions. Approximately 1 per cent solutions of each in 1 N sodium 
hydroxide were allowed to stand at room temperature, 28-30°, and the 
optical activity and optical density ratio, d:7s/dze0, determined after 18 


‘and 37 hours respectively. No significant change resulted in the opti- 


cal activity of either isomer after either time interval. A slight decrease 
Occurred in the optical density ratio in the case of each isomer indicative 
of a few per cent deamination. 

Treatment with Sodium Periodate—It was of interest to determine whether 
either of the two cytidylic acids reduced sodium metaperiodate under 
conditions in which unsubstituted a, G- glycols are known to react. The 
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procedure used was essentially that given by Lythgoe and Todd (12), and 
cytidine sulfate was used as a control. After contact with periodate for 
19 hours, it was found that the cytidine solutions had reduced 0.98 mole 
of periodate per mole of cytidine present and that this value was main- 
tained through the 96th hour when the experiment was terminated. The 
cytidylic acid solutions failed to show any reduction of periodate over the 
entire period, thus demonstrating the absence of an unsubstituted a, B- 
glycol grouping in either of the two compounds. 


DISCUSSION 


The present methods for the preparation of the cytidylic acid isomers 
represent a considerable improvement over the chemical procedures first 
used for this purpose (2). A comparison of the yields obtained by ion 
exchange on Dowex 2 (formate) and by fractionation of the ammonium 
salts, however, reveals little advantage for either method over the other. 
As the crystallization of the ammonium salt of the [a], = +18° isomer is 
quickly accomplished, once the mixed cytidylic acids are separated from 
the other nucleotides, this procedure has some advantage over a second 
ion exchange fractionation. 

Although the exact chemical structures responsible for the differences 
in properties of the two cytidylic acids are not known, it is reasonable to 
conclude from their failure to reduce periodate that each compound is 
phosphorylated in either the 2’ or 3’ position. Worthy of further con- 
sideration also is their formation during alkaline hydrolysis, in comparison 
with their relative stability under these conditions and in relation to the 
original ribonucleic acid structure. The data presented show that, while 
the two compounds readily undergo isomerization in acid, they are rela- 
tively stable either in 1 & alkali at room temperature or at pH 11 at 100°. 
It appears therefore that their occurrence is dependent on the manner in 
which the nucleotides are combined in the original nucleic acid rather 
than on an isomerization subsequent to their liberation. While further 
detailed consideration of the possible nucleic acid structures which might 
give rise to 2’- and 3’-phosphate esters should await proof of the chemical 
structures of the isomers in each case, the analogy between the present 
results and those found by Baer and Kates (13) should be mentioned. In 
the latter instance it may be recalled that alkaline hydrolysis of the phos- 
phate diester, a-glycerylphosphorylcholine, leads to the formation of both 
a- and §-glycerophosphate, although neither glycerophosphate is isomerized 
by alkali. It appears that isomerization of phosphate diesters during 
alkaline hydrolysis, perhaps because of the presence of adjoining hydroxy! 
groups, may be a more general phenomenon than hitherto recognized. 
This explanation may account for the occurrence of the two cytidylic 
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acids, and apparently for the two adenylic and guanylic acids as well 


(8, 14), in approximately equal amounts in alkaline hydrolysates of yeast 
ribonucleic acid.” 


A procedure is presented for the hydrolysis of yeast ribonucleic acid 
with 0.1 N alkali at 100°, which avoids a significant deamination of cytidylic 
acid. 

Methods for the preparation of the two cytidylic acids, [a], = +50° 
and [a], = +18° (in water), by ion exchange on Dowex 2 (formate) and 
by fractionation of the ammonium salts are described. 

The preparation and properties of crystalline ammonium and mono- 
cyclohexylammonium salts of the [a], = + 18° isomer are given. 

Various properties of the isomeric cytidylic acids are reported, includ- 
ing their optical rotations and stabilities under different pH conditions, 
their ultraviolet absorption spectra, and their titration curves. Both com- 
pounds undergo isomerization in 1 Nn hydrochloric acid at 100° but are 
relatively stable at pH 11 at 100° or in 1 & alkali at room temperature. 
Heating at pH 3 causes appreciable dephosphorylation as well as de- 
amination of both isomers. 

It has been demonstrated that neither cytidylic acid contains an un- 
substituted a ,8-glycol grouping. 
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The possible linkages in ribonucleic acid, based on similar considerations and on 
the evidence of Cohn and Volkin (15) that nucleoside-5’-phosphates occur in certain 
enzymic hydrolysates, have been discussed recently by Brown and Todd (16). 


SUMMARY 
BIBLIOGRAPHY 


THE CHEMISTRY OF THE ISOMERIC CYTIDYLIC ACIDS: 
ENZYMIC HYDROLYSIS TO CYTIDINE* 


Br HUBERT S. LORING, MYRTLE L. HAMMELL, LUIS W. LEVY, 
AND HENRY W. BORTNER 


(From the Department of Chemistry and the School of Medicine, Stanford University, 
Stanford, California) 


(Received for publication, January 19, 1952) 


It has been shown in previous publications that neither of the cytidylic 
acid isomers isolated from hydrolysates of yeast ribonucleic acid is oxidized 
by sodium periodate under conditions in which an unsubstituted a ,8-glycol 
grouping is readily oxidized (1, 2). These results indicate that each com- 
pound is phosphorylated in either the 2’ or the 3’ position and eliminate 
cytidine-5’-phosphate as a possibility for the structure of either isomer 
The remaining possibilities for isomerism involve either a different location 
of the phosphate group on the same nucleoside unit (Fig. 1, a and b) or, 
alternately, the presence of an a or 8 configuration of the ribose residue 
phosphorylated in the same or in different positions (Fig. 1, b and c). 

In the case of the isomeric adenylic acids obtained from ribonucleic acid 
hydrolysates, conflicting evidence has been presented as to the reason for 
the isomerism. Carter obtained evidence on enzymic dephosphorylation 
that both isomers formed adenosine (3). In a later presentation, however, 
Doherty (4) found that both compounds were 3’-phosphates and that the 
isomerism was explained by the presence of an a configuration (Fig. 1, e) 
in one isomer and of the 8 configuration (Fig. 1, b) in the other. It is ap- 
parent from the structures shown that dephosphorylation in one case (Fig. 
1, a and b) would lead to the formation of the same nucleoside and in the 
other (Fig. 1, b and c) would yield different nucleosides. 

Studies of the utilization of the isomeric cytidylic acids for growth of the 
pyrimidine-deficient Neurospora were made before and after dephosphoryl- 
ation to provide evidence regarding the identity of the nucleosides con- 
cerned. Contrary to previously published reports which showed utilization 
of the pyrimidine nucleotides after autoclaving (5), it was now found that 
the phosphorylated compounds were not utilized by the deficient Neuro- 
spora mutant and that the previous results were due to dephosphorylation 
during autoclaving. After dephosphorylation with prostatic phosphatase, 
the two cytidylic acid isomers gave a product with the same growth-pro- 
moting activity for the pyrimidine-deficient Neurospora mutant 1298, in- 


* Aided by grants from the Rockefeller Foundation and the Nutrition Founda- 
tion, Inc 
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dicative of the formation of the same cytidine. The identity of the nucleo- 
side formed, i.e. cytidine, was established unequivocally by following the 
dephosphorylation polarimetrically and finding no evidence of mutarota- 
tion and by the isolation of the same cytidine sulfate from each hydrolysate. 
The preparation and properties of the relatively stable lyophilized prostatic 
phosphatase used in the experiments mentioned above are also described. 


EXPERIMENTAL 


Preparation and Properties of Lyophilized Prostatic Phosphatase—The 
source of the acid phosphatase used in these experiments was adenomatous 


(6) 
Fig. 1. (a) B- Ribofuranosidocytosine-2“- Phosphate, (6) 8-ribofuranosidocytosine- 
3- Phosphate, and (c) a- ribofuranosidocytosine-3“- Phosphate. 


periurethral tissue.! The procedure used for the preparation of the enzyme 
extracts was essentially that described by Kutscher and Worner (6), the ex- 
tracts being clarified by treatment with Celite before lyophilization. The 
tissue (30 gm.) was homogenized in a Waring blendor for about 5 minutes 
with 250 ml. of distilled water. The homogenate was covered with tolu- 
ene and left to autolyze overnight at room temperature. After filtration 
through cheese-cloth to remove the larger particles, standard Filter-Cel 
was added and the solution filtered through a bed of Hyflo Super-Cel, giv- 
ing a pale pink translucent filtrate. The water extract was then lyophil- 
ized, the product being a tan-colored powder weighing approximately 2 

1 We should like to express our thanks to Dr. Henry M. Weyrauch, Stanford Lane 
Hospital, San Francisco, California, who kindly provided us with the samples of 
tissue. 
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gm. Heating the dried product at 100° for 10 minutes did not affect en- 
zyme action. The preparation was kept under refrigeration for over a year 
without a detectable change in activity. Other extracts were made with 
acetate buffer (0.01 N, pH 5) and magnesium sulfate (0.01 and 0.1 u), but 
the enzyme activity obtained was similar in all preparations. 

The effect of pH upon the activity of this phosphatase with various sub- 
strates has been studied by earlier workers. In each case the prostatic 
tissue was homogenized with water, and the water extract of the enzyme 
used. Kutscher and Worner (6) reported different pH optima when differ- 
ent phosphate esters were hydrolyzed by the enzyme. With a- and £- 
glycerophosphate, the range was from 5.2 to 6.2, while with phenyl phos- 
phate the values of 4.0 to 5.4 were found. Using yeast adenylic and gua- 
nylic acids as substrates, Schmidt, Cubiles, and Thannhauser (7) gave pH 
5.3 as the optimum for enzyme action, while Reichard (8) reported 4.3 as 
the optimum pH value with yeast adenylic acid. 

Because of the differences found previously, it seemed desirable to de- 
termine the optimum pH conditions for the present lyophilized enzyme 
preparation with the monoribonucleotides. The substrates studied were 
disodium uridylate ([a], = +19°, e 1 per cent) prepared from a recrystal- 
lized sample of dibrucine uridylate (ſalo = +59°, e 1 per cent in pyridine) 
(9), cytidylic acid ([a], = +850°) (2), crystalline adenylie acid, and gua- 
nylic acid, Schwarz and Company, reprecipitated ten times. The hydrol- 
ysis experiments were carried out in solutions of 0.1 mM sodium acetate buffer 
at pH 3.5, 4.0, 4.5, 5.0, 5.3, 5.5, 6.0, and 6.5. In volumes of 25 ml., 12.5 
mg. of each compound were dissolved independently with sufficient enzyme 
(0.125 to 0.25 mg.) to cause from 50 to 90 per cent dephosphorylation in 
6 hours at 37°. Samples were taken at 2, 4, and 6 hours and the enzyme 
inactivated by heating at 70° for 5 minutes. Inorganic phosphate was 
determined by a modified Fiske and Subbarow procedure (2). 

The optimum pH value for enzyme action on all four nucleotides was 
found to be 5.3 for the three time periods used. Hydrolysis occurred at 
all pH values tested but differed in rate. Complete dephosphorylation for 
the substrate concentration mentioned was found at each pH value after 
6 hours when the enzyme concentration was increased to 0.04 mg. per ml. 
The latter enzyme concentration at pH 5.3 was also found sufficient to 
effect complete dephosphorylation of solutions containing approximately 
5 mg. of nucleotide per ml. in 3 hours. A comparison of the rates of hy- 
drolysis on the acid and alkaline sides of the pH optimum showed a more 
rapid decrease in rate in the more alkaline solutions. 

? This sample was obtained from an alkaline hydrolysate of nucleic acid by elu- 
tion from Dowex 2 (formate) with 1 N formic acid after separation of the cytidylic 
acid and adenylie acid a fractions with 0.1 N formic acid. 
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The absence of cytidine or cytidylic acid deaminase from the lyophilized 
enzyme preparations was shown by following a hydrolysis of cytidylic acid 
by optical density measurements over a 48 hour period. The conditions 
used were similar to those described for measurements of pH optimum. 
Optical density values at 278 my remained constant, indicating no deamina- 
tion to form uridylic acid (or uridine), which has a lower absorption value 
at this wave-length. Similar experiments with mixtures of cytidylic and 
uridylic acids led to the same conclusion. The absence of deaminase in 
certain other prostatic extracts was previously reported by Reichard (8). 

Liberation of Inorganic Phosphate from Isomeric Cytidylic Acids—The hy- 
drolysis rates of the two cytidylic acids, [a], = +50° and +18°, were 
compared under optimum conditions for a solution containing 0.4 mg. and 
0.0024 mg. per ml. of substrate and enzyme respectively. In a representa- 
tive experiment, aliquots removed after 0.5, 1, 2, and 4 hours gave the 
following values for percentage hydrolysis for the two compounds in the 
order mentioned above: 23.6, 37.8, 60.3, 75.9, and 22.6, 35.6, 58.2, and 72.0. 
While the difference in rates of hydrolysis was slight, it was found in four 
similar experiments and appeared to be significant. 

Failure of Neurospora Mutants to Utilize Nucleotides In previous studies 
with autoclaved samples of purine and pyrimidine nucleotides, it was found 
that the purine- and pyrimidine-deficient Neurospora mutants grew in the 
presence of nucleotides as well as of nucleosides (5, 10). With the realiza- 
tion that appreciable dephosphorylation of pyrimidine nucleotides occurred 
on heating in slightly acid solution (2), it became desirable to study the 
utilization of solutions of purine and pyrimidine nucleotides that had not 
been autoclaved. The latter were sterilized by filtration through sterile 
Mandler filters. Ultraviolet absorption measurements before and after fil- 
tration indicated no change in nucleotide concentration. Aliquots of ster- 
ile solutions of the two cytidylic acids and of disodium uridylate, [a], = 
+19°, e 1 per cent, containing amounts from 0.3 to 6 mg., were added 
under aseptic conditions to 25 ml. of autoclaved basal medium and inocu- 
lated with the Neurospora mutant 1298 as previously described (11). As 
controls, similar portions of the same solutions were added to basal media 
and the solutions autoclaved before inoculation. No growth resulted when 
filtered sterile solutions of either of the two cytidylic acids or of disodium 
uridylate were used as contrasted with the autoclaved solutions which gave 
similar amounts of growth to those found previously (10). If the phos- 
phorylated compounds had been able to enter the conidia used for inocula- 
tion, it is likely that nucleosides would have been formed and growth would 
have resulted. It appears, therefore, that the pyrimidine nucleotides, like 
many other phosphate esters, do not readily diffuse across cell membranes. 

Experiments with the purine nucleotides were carried out in a similar 
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manner to those with the pyrimidine compounds. The puri 
Neurospora mutant 28610 was used in the presence of 0.2 to 2.0 mg. quan- 
tities of crystalline commercial samples of yeast and muscle adenylic acids 
and of adenylic acid a and adenylic acid b. The results in these cases 
were not entirely conclusive in that small amounts of growth were obtained 
with each of the four compounds studied. After autoclaving, however, 
amounts of growth comparable to that expected from about 50 per cent of 
the adenine present were found for the yeast adenylic acid samples; in 
the case of adenosine-5’-phosphate a slightly larger amount of growth was 
found, indicating a greater liberation of adenine for this compound. 
Utilization of Dephosphorylated Cytidylic Acids by Neurospora Mutant 
1298—In order to compare the growth-promoting activity of the cytidines 
produced from the two cytidylic acids, 10 mg. of each compound were dis- 
solved in 25 ml. of water and hydrolyzed with 2 mg. of lyophilized enzyme. 
Aliquots were removed for phosphate analysis and for assay with mutant 
1298. The average amounts of growth found in assays conducted in trip- 
licate with 0.4, 0.6, and 0.8 mg. of cytidylic acid, [a], = +50°, were 19.5, 
24.2, and 29.5 mg., as compared to 18.5, 24.2, and 29.5 mg. with the same 
quantities of cytidylic acid, [a], = +18°. From these results it was clear 
that the growth-promoting activity of the cytidines formed by the action 
of prostatic phosphatase from the two cytidylic acids was identical. 
Isolation of Cytidine Sulfate after Enzymic Dephosphorylation; Cytidylie 
Acid, [a], = ＋50 -A solution containing 1.02 gm. of this isomer in 250 
ml. was adjusted to pH 4.0 with ammonia and sulfuric acid and treated at 
room temperature for 2 hours with 100 mg. of lyophilized enzyme. Anal- 
yses for inorganic phosphate showed that hydrolysis was complete. An- 
ions were largely removed from the solution by treating with Dowex 2 
(hydroxide) until the pH was about 8. The solution was concentrated to 
about 10 ml. in vacuo, adjusted to pH 2.2 with sulfuric acid, and on further 
concentration and treatment with alcohol gave 0.779 gm. of crystalline 
product with las = +31.6°. It was recrystallized from about 30 ml. 
of water, after filtration of the solution through Hyflo Super-Cel to remove 
a small amount of insoluble material, by the addition of an equal volume 
of alcohol; yield, 0.516 gm. A 1 per cent solution in water gave [a],’* = 
+35.3°, in comparison with a commercial sample of cytidine sulfate‘ which 
gave [a] = +35.6°, c 2 per cent in water, or with synthetic 6-ribofurano- 
sidocytosine, [a]}* = +35°, c 0.366 in 1 per cent sulfuric acid (12). 
Cytidylic Acid, [a], = +18°—A solution containing 0.774 gm. in a volume 
of 430 ml. at pH 5.6 was treated with 10 mg. of enzyme and, after standing 


* These samples were kindly provided by Dr. C. E. Carter. 
The original sample was kindly provided by Dr. L. Laufer of the Schwarz Lab- 
oratories, Inc. 
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at room temperature for 12.5 hours, was treated with Dowex 2 (hydroxide) 
and sulfuric acid as described above. A yield of 0.516 gm. of crystalline 
material with [a], = +30.6° was obtained, which on recrystallization gave 
0.322 gm. of product with [a]? = +35.4°, c 1 per cent in water. A com- 
parison of the decomposition and mixed decomposition points of the cyti- 
dine sulfates from the two cytidylic acids with the twice recrystallized 
commercial sample showed identical behavior in each case. When placed 
in the bath at 228°, all the samples decomposed at 230-231 with evolution 
of gas. 

In the experiments just described, polarimeter readings were taken dur- 
ing the conversion of the cytidylic acids to cytidine. The results showed 
that the optical activity of the two solutions, which were different ini- 
tially, converged and finally gave the same value. Because an appreciable 
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Fic. 2. Changes in optical rotation during hydrolysis of cytidylic acids: @, [a], 
= +50°, and O, la]p = +18°, to cytidine by prostatic phosphatase at pH 5.8. Con- 
centration of cytidylic acids, 0.4 per cent; of enzyme, 0.04 per cent. 


amount of time was required for hydrolysis, particularly in the case of the 
isomer with [a], = +18°, and a relatively low cytidylic acid concentration 
had been used, the experiments were repeated with higher enzyme and 
cytidylic acid concentrations, rotations being read at approximately 2 min- 
ute intervals. The solutions used contained 0.4 per cent cytidylic acid 
and 0.04 per cent enzyme at pH 5.8. The rotations of the two solutions | 
with time, as plotted in Fig. 2, showed that hydrolysis proceeded smoothly | 
with the formation of the same cytidine, as the phosphate group was re- 
moved from either nucleotide. While the results do not preclude an in- 
stantaneous isomerization of an unstable cytidine to the form whose rota- 
tion was measured, such a possibility would appear unlikely. It seems 
more reasonable that the same nucleoside is present in both of the cytidylic 
acid isomers and that the reason for isomerism is a location of the phosphate 
on the 2’-carbon of the ribose in one case and on the 3’-carbon in the other. 


DISCUSSION 


The fact that both cytidylic acids isolated from hydrolysates of yeast 
nucleic acid give the same cytidine proves that the isomerism must involve 
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the location of the phosphate group on the ribose side chain rather than 
the configuration of the 1’-carbon of the ribose. Because neither com- 
pound reduces periodate, it is also logical to conclude that in one case it is 
the 2’ position which is esterified while in the other the phosphorylation 
must involve the 3’-carbon. While it is not possible at present to decide 
definitely which isomer is the 2’- and which the 3’-phosphate ester, a com- 
parison of their physical properties leads to a tentative conclusion regarding 
their chemical structures. It can be argued a priori that the compound 
having the amino and phosphoric acid groups in closest proximity to each 
other should show the greater tendency toward zwitter ion formation with 
concomitant decrease in solubility, acidity, and ultraviolet absorption. 
Examination of Fisher, Hirschfelder, and Taylor models of the 2’- and 3 
phosphates of 8-ribofuranosidocytosine reveals that the amino and phos- 
phate groups are in closest proximity in the 2’ compound. As the cytidylic 
acid with [a], = +18° is also the least soluble, the least acidic, and shows 
the lowest ultraviolet absorption maximum, it seems reasonable to assign 
it tentatively the 2’-phosphate structure. The final conclusion, however, 
must await more rigorous structural proof. 


SUMMARY 


The preparation of relatively stable lyophilized prostatic phosphatase 
with a pH optimum of 5.3 for uridylic, cytidylic, adenylic, and guanylic 
acids, free from cytidine or cytidylic acid deaminase, is described. 

The pyrimidine and purine nucleotides, in contrast to the nucleosides, 
are not utilized for growth of the deficient Neurospora mutants 1298 and 
28610, respectively. 

Several lines of evidence are presented which show that dephosphoryla- 
tion of the two cytidylic acids leads to the formation of the same cytidine. 
The results indicate that the isomerism must involve the location of the 
phosphate group in the 2’ position in one case and in the 3’ position in the 
other 
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In an earlier report we compared the rates of formation of muscle pro- 
tein in three groups of dogs: normal, diabetic, and diabetic injected with 
insulin (1). S**-labeled methionine was injected intravenously, and the 
rate of incorporation of 8 into muscle protein was determined. This 
rate was greatly reduced in diabetes but was restored to normal by the 
administration of insulin. These findings strongly suggest that the rate 
of synthesis of protein in muscle tissue is impaired in diabetes. 

Another aspect of protein metabolism in diabetes is dealt with in the 
present investigation. Biosynthetically prepared S**-labeled serum pro- 
teins were injected intravenously into depancreatized dogs in which dia- 
betes was either not controlled or was brought under control by insulin 
treatment, and the disappearance of the labeled proteins from the circula- 
tion was followed for 1 or 2 weeks. The results indicate that the degrada- 
tive phase of serum protein turnover is not significantly changed in di- 
abetes. 


EXPERIMENTAL 
Preparation of S**-Labeled Serum Protein 


A normal dog was given a single intravenous injection of 117 mg. of 
S-labeled pi-methionine with a total activity of 2 Xx 10 cpm. 30 
hours later the animal was exsanguinated while under local anesthesia. 
The blood was collected under sterile conditions without an anticoagulant. 
Clotting was allowed to occur at about 5°, and the serum was separated in 
a refrigerated centrifuge at 0-2. 

Serum obtained in this manner was dialyzed against distilled water in 
a cold room at about 1° to remove diffusible S**. Dialysis was conducted 
under sterile conditions and was continued until the dialysate was free of 
S* (determined by direct mounting) and of chloride (AgNO; test). 3 
days were allowed for dialysis. Even after dialysis, the serum contained 
a small amount of S**-labeled material which was soluble in 5 per cent 

* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 

t Fellow of the Atomic Energy Commission. 
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trichloroacetic acid. However, the amount of S** in this fraction was so 
small that it was not considered here. The dialyzed serum was dried by 
lyophilization to permit storage. 

As needed, the dried serum was mixed with isotonic saline’ and filtered, 
under pressure, through a Seitz sterilizing filter into a sterile receiver. 
In addition to removing microorganisms, the filtration served to remove a 
small amount of insoluble material, probably denatured protein, that was 
visible in the reconstituted serum. Lint from the sterilizing pad was kept 
from entering the filtrate by including Whatman No. 50 filter paper di- 
rectly beneath the pad. After this filtration, the reconstituted serum 
was clear and sterile. 

S**.Labeled Methionine Solutions—These were prepared and injected in 
the manner already described (2). Both types of solution were injected 
into the left saphenous vein of the dog. 


Treatment of Animals 


Normal Dogs—The dogs were under observation for about 2 months 
before the start of the experiment and were in good health during that 
entire period. They received the following diet once daily: 400 gm. of 
lean horse meat, 10 gm. of sucrose, 5 gm. of bone ash, 1.5 gm. of salt mix- 
ture (3), 10 ml. of Galen “B” (a rice bran concentrate containing the B 
vitamins), and 3 ml. of a sardine oil fortified with vitamins A and D. 

ized Dogs—These animals received the following meal twice 
daily, at 8.00 a.m. and 4.00 p.m.: 250 gm. of lean horse meat, 50 gm. of 
raw pancreas, 50 gm. of sucrose, 5 gm. of bone ash, and 5 ml. of Galen 
“B”. The morning meal also contained 1.5 gm. of salt mixture (3) and 
3 ml. of the fortified sardine oil. 

Control of Diabetes with Insulin—Depancreatized dogs, in good con- 
dition, were placed in metabolism cages. Urine was collected daily in 
bottles containing toluene, and the urinary glucose was determined im- 
mediately. In 24 hours, as much as 50 gm. of glucose was excreted by 
dogs fed twice daily, as described above, and injected with 8 units of un- 
modified insulin with each meal. The output of glucose could be reduced 
to nearly zero by using combinations of protamine zinc insulin and un- 
modified insulin.“ When better control was evident from reduced glucose 
excretion, the blood glucose was occasionally determined. Even with in- 
dividual care, rigid control appeared to be unsafe because of the ease 


1 This solution contained 0.85 gm. of NaCl per 100 ml. It was prepared, just 
before use, with doubly distilled water, and was sterilized by autoclaving. 

* Vacuum filtration is not satisfactory owing to the formation of foam. In the work 
reported here, the pressure was released at the first indication of foaming, which 
occurs after nearly all of the liquid has passed through the filter. 

* We are grateful to Eli Lilly and Company for the insulin used in this study. 
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with which the animal developed hypoglycemia. For this reason, an out- 
put of about 10 gm. of glucose per day was permitted as a margin of 
safety. This degree of control was attained by injecting 8 units of un- 
modified insulin with the morning meal and 8 units of protamine zinc 
insulin with the afternoon meal. 

Uncontrolled Diabetic Dogs—Since these experiments lasted about 10 
days, it was deemed desirable not to deprive the dogs completely of insulin. 
Twice daily, at the time of feeding, a single unit of unmodified insulin was 
injected. The urinary glucose amounted to approximately 150 gm. per 
day. 


Methods of Analyses 

Treatment of Blood Samples—Blood samples were taken from the right 
femoral artery. No anticoagulant was used with the blood samples ob- 
tained after injection of the labeled serum proteins; the blood was allowed 
to clot at about 5°, and serum was obtained by centrifugation. For the 
experiments with S**-methionine (Section II), however, plasma was ob- 
tained with the aid of heparin. 

Serum or plasma proteins were precipitated with trichloroacetic acid 
(TCA) at a concentration of 5 per cent, by the addition of an equal vol- 
ume of 10 per cent TCA. The precipitates were washed three times with 
5 per cent TCA. Sulfur remaining in the TCA-insoluble residue is re- 
ferred to here as protein sulfur. 

Determination of Protein S* of Serum or Plasma—The TCA residues 
were treated according to the procedure which was designated in our 
earlier communication total non-protein 8 of plasma (2), except that 
carrier sulfur was not added. (The protein sulfur content of 1 ml. of 
serum or plasma is approximately 25 uu, the standard amount for this 
procedure.) 

Hemolysis Correction—After injection of S**-protein, very little S** ap- 
pears in the hemoglobin of circulating erythrocytes. Thus, any hemo- 
globin liberated by hemolysis lowers the specific activity of the serum 
protein sulfur. When blood was taken without an anticoagulant, an oc- 
casional sample exhibited a visible redness. Such samples were cor- 
rected for hemoglobin sulfur as follows: A small sample of the serum (0.1 
to 0.5 ml.) was added with a micro pipette to an accurately measured 
volume (about 5 ml.) of 0.1 V HCl, and the acid hematin so produced was 
measured colorimetrically. The acid hematin standard was derived from 
freshly prepared dog hemoglobin, and its color was calibrated against the 
sulfur content of the hemoglobin employed. This correction did not ex- 
ceed 1 or 2 per cent. 

Separation of Serum Albumin and Globulin—This was accomplished by a 
slight modification of the method of Cohn and Wolfson (4). 
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Results 

The rate of disappearance of plasma proteins from the circulation was 
studied in two ways. In the first, labeled proteins, prepared by a donor 
dog, were injected intravenously into another dog, and the rate of dis- 
appearance of the labeled protein in the latter was determined. In the 
second type of experiment, S**-methionine was injected intravenously 
into a dog, and, after the S** had been incorporated into its plasma pro- 
teins, the rate of disappearance from the blood stream of these labeled 
proteins was studied in the same dog. 

I. Experiments with Intravenously Injected S**-Labeled Serum Proteins 

Two depancreatized dogs (A and B) were used in these experiments. 
Each dog served as its own control by being used twice: (a) while its dia- 
betes was fully controlled with insulin, and (b) while it was diabetic but 
receiving a small amount of insulin (2 units) each day. Several months 
were allowed to elapse between the two experiments, and during this inter- 
val the S** in plasma from the first injection diminished to a barely de- 
tectable level which could not affect the second experiment. 

Dog A was first used in the diabetic condition and later under insulin 
control, whereas with Dog B this order was reversed. 

Experiments of the (a) type were not performed until the animals had 
been under excellent insulin control for at least 2 weeks. For the (b) 
experiments, in which the dogs were allowed to become diabetic, the rou- 
tine of injecting only 2 units of insulin per day was followed during the 3 
days before and for the next 7 days after administration of the labeled 
protein. Dogs treated in this manner, i.e. with a minimal amount of 
insulin, maintained nearly constant body weights and continued to devour 
their meals immediately upon presentation. However, as judged by the 
urinary glucose excretion (about 150 gm. per day) and the postabsorptive 
concentration of blood glucose (greater than 200 mg. per cent), these 
animals were definitely in a diabetic state. 

The labeled serum protein was injected into the left saphenous vein 
while the animal was in a postabsorptive state. 15 minutes later, the dog 
received its morning meal, and insulin was administered as described in 
the Experimental.“ A series of blood samples was taken from the right 
femoral artery. With each serum sample of Dog A, specific activity 
determinations were made in duplicate on the sulfur of the separate al- 
bumin and globulin fractions as well as on the total protein sulfur of un- 
fractionated serum. In the case of Dog B, specific activity was deter- 
mined only on total serum protein sulfur. 

The results for Dog A are shown in Figs. 1 and 2, where the logarithm 
of the specific activity of protein sulfur is plotted as a function of time. 
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8 DAYS AFTER 
n Fic. 2. Disappearance of intravenously injected S**-labeled serum proteins from 
t the blood stream of Dog A while under complete insulin control. The specific ac- 
y tivity scale is logarithmic. 
YT Clearly, the curves are very similar in form. During the first few hours 
‘ after the intravenous injection of the labeled serum protein, the specific 

activity of serum protein in the blood stream decreases rapidly. This 
" initial rapid phase becomes progressively slower with time, and, after about 
8 48 hours have elapsed, the curves closely approximate straight lines for 


the remainder of the period of study. Over the latter region the specific 
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activity continues to decline, but much more slowly than in the initial 
phase, and this region is referred to here as the slow phase. 

In a subsequent paper the initial, rapid phase will be discussed exten- 
sively. It appears to result mainly from a reversible exchange of plasma 
protein into and out of the blood stream. 

The slow phase, which is characteristic of all curves in Figs. 1 and 2, 
can best be represented by a straight line, and the straight lines shown in 
these figures for albumin and globulin were computed by the method of 
least squares. The curves for albumin and globulin are quite similar, 
but, in the slow phase, the rate of disappearance from the blood stream is 
somewhat greater for globulin than for albumin. 

Since the graphs are semilogarithmic, and since the slow phase is very 
nearly a straight line, this slow phase of the specific activity-time relation 
can be described most conveniently by a decreasing exponential function 
of the form Y = Fe, where F is the specific activity of the serum pro- 
tein sulfur of arterial blood at time i, and Y°® and K are constants in a 
particular experiment. The constant Y° is the hypothetical Y for ¢ = 
0, when the rapid phase is ignored. The other constant K is of primary 
importance in the present investigation, since it is a measure of the rate of 
disappearance of the labeled serum proteins from the circulation. A com- 
plete description of the fate of intravenously injected serum proteins is 
not required for the present purpose. However, any transformation that 
tends to decrease the number of labeled protein molecules in the blood 
stream is represented in the transformation constant K. 

For the purpose of specificity, symbols relating to albumin will be in- 
dicated by the subscript a, those relating to globulin by the subscript g. 
The separate specific activity-time relations for albumin and globulin 
during the slow phase are represented very well by Equations 1 and 2. 


Yo = Y%e~Xe! (1) 
Y, = Fo. (2) 


The constants Y°,, X., T', and K, were evaluated by the method of least 
squares. The values for K, and K, are given in Table I. It is clear that 
both K, and K, have the same values, within 1 or 2 per cent, for Dog 
A whether fully controlled with insulin or in an uncontrolled diabetic 
condition. 

By means of Equations 1 and 2, values of Y, and Y, were calculated 
for the values of ¢ at which blood samples had been taken during the initial 
rapid phase. The calculated values of Y, and Y, were subtracted from 
those observed for the same intervals. The differences obtained are rapid 
phase components of the specific activities of albumin and globulin. The 
logarithms of these differences were plotted against time, and approxi- 
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mate straight lines were obtained for both albumin and globulin. These 
linear relations suggested the use of Equations 3 and 4 to describe the 
rapid components of the specific activity-time functions for albumin and 
globulin. 

Ye = *e! (3) 

Yo = *e! (4) 
Lower case letters are used in Equations 3 and 4 to distinguish the quan- 
tities which are analogous to those appearing in Equations 1 and 2. The 
constants %, ke, y®,, and k, were determined graphically, and the values 
for k. and k, appear in Table I. These are very nearly equal, and no 


TaBie I 
Disappearance of S**-Labeled Serum Proteins in Diabetic Dog A* 
Transformation constants, per day 
Status of diabetest —— Albumin Globulin 
Rapid Slow Rapid Slow 
phase, ke phase, K. phase, kg | phase, Kg 
hg. 
D 9.5 2.34 0.103 2.41 0.156 
Uncontrolled..................... 9.0 2.36 0.105 2.43 0.155 


* The labeled proteins were obtained from a donor dog previously injected with 
S*-methionine as described in the text. The dog received the labeled proteins 
intravenously. 

Control of diabetes described in the text. 


significant difference is observed in the controlled and uncontrolled con- 
ditions. 

Equations 1 and 2 for the slow phase and Equations 3 and 4 for the 
rapid phase may be combined into one equation that gives the specific 
activity of total serum protein as a function of time over both phases. 
However, in order to obtain this combination it is necessary to know 
the relative amounts of serum protein sulfur present in the albumin and 
globulin fractions. This distribution of protein sulfur may be expressed 
as follows: Consider a volume V of serum containing a unit mass of pro- 
tein sulfur. Let this volume V contain a mass (M,) of albumin sulfur. 
Then, the volume V contains a mass (1 — M.) of globulin sulfur. Clearly, 
the single factor M. may be used to express the relative amounts of al- 
bumin and globulin sulfur present. The mean value of M., computed for 
all serum samples taken from Dog A while diabetic, is 0.605; the corre- 
sponding value for this dog while under full insulin control is 0.620. The 
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unbiased standard deviations of these means are 0.0047 and 0.0036, re- 
spectively, which indicate that M, is essentially independent of time and 
may therefore be treated as a constant in each experiment. Therefore, 
the combined equation is 

Y = M. + F., K. ) + (1 M.) Y¥%,e-%e!) 5) 
where F is the specific activity of total serum protein at any time ¢ after 
injection of the labeled serum protein. 

In order to test the accuracy with which Equation 5 is able to represent 
the data of these experiments, values of F were computed by means of 
Equation 5 for a series of values of ¢ from ¢ = 0 to 168 hours. The pairs 
of values of Y and ¢ so obtained were used to plot curves for the specific 
activity of total serum protein sulfur as a function of time in Figs. 1 and 2. 
The experimentally observed values for the specific activity of total serum 
protein sulfur are plotted along with these computed curves. It is clear 
from Figs. 1 and 2 that there was very little discrepancy between the 
computed and the observed values over the entire length of the curves. 
Thus our observations are consistent with the presented theory. 

The biological significance of Equation 5 is embodied in its constants. 
The most important of these are K., X,, k., and k,, because these con- 
stants are related to the rates of transformation of the injected protein 
such that its specific activity in the circulating blood tends to decrease 
with time. We do not wish to imply that the four constants indicate that 
only four biological processes are involved. In the first place, the two 
serum protein fractions are not homogeneous, and the fact that X., X,, 
k., and k, are constants probably only indicates that the rates for the 
individual labeled components of each serum protein fraction are about 
the same. Secondly, even a pure component may be subject to alterna- 
tive processes with differing rates. However, for practical purposes, Equa- 
tion 5 appears to represent the most important processes in the dog re- 
sponsible for the decline in the specific activity of serum protein after 
intravenous injection of the labeled protein. 

Equation 5 provides an effective test of the internal consistency of the 
experimental data. The standard errors of estimate for the experimen- 
tally observed points about the curves, computed by use of Equation 5, 
were calculated for the slow phase of both experiments with Dog A. 
These values, expressed as percentages of the mean values of Y, are 0.87 
and 0.66 for the uncontrolled and insulin-controlled conditions, respec- 
tively. This high degree of internal consistency justifies the present use 

Evidence exists for another, extremely rapid phase (to be dealt with in a subse- 


quent paper). This phase would be essentially complete before the first blood samples 
were taken in the present study. 
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of Equations 1 to 4 as a convenient means of expressing the rates of disap- 
pearance of labeled serum proteins from the blood stream. 

The experiments with Dog B were essentially like those described for 
Dog A. In Dog A, the transformation constants for the slow phase for 


20K, NORMAL DOGS 


DAYS AFTER INJECTION 


Fic. 3. Disappearance of endogenously formed S**-labeled plasma proteins from 
the blood stream of normal dogs. The specific activity scale is logarithmic. 


Taste II 
Disappearance of S**-Labeled Plasma Protein from Normal Dogs* 
hg me. 

C 8.9 3 0.080 

D 12.5 9 0.106 

E 7.0 200 0.116 

F 8.0 10 0.117 


* The K values were determined for the period between 2 and 15 days following 
a single intravenous injection of S**-methionine. 

t The total radioactivity was approximately the same for each dog. 
albumin and globulin, although not identical, did not differ enough to 
cause the computed curves for total serum protein to deviate significantly 
from straight lines on the semilogarithmic scale. Thus, in the case of Dog 
B, the albumin-globulin separations were not made. The specific activity- 
time curves for this dog confirm completely the data obtained with Dog 


A. Transformation constants for the total serum protein of Dog B are 


as follows: (a) while insulin-controlled (body weight 8.5 kilos), 2.35 and 
0.111 per day for the rapid and slow phases respectively, and (b) while in 
the diabetic condition (body weight 8.0 kilos), 2.31 per day for the rapid 
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phase and 0.109 per day for the slow phase. It is evident that corre- 
sponding values are nearly identical whether or not diabetes was controlled 
with insulin. 

When the dogs were studied the second time, it is possible that some 
immunological reaction altered the turnover rate of the labeled protein in 
such a way as just to compensate for a change due to diabetes. However, 
in Dog A, the diabetic condition preceded the insulin-controlled, and in 
Dog B, this order was reversed. Thus, any effect due to the previous 
injection would be additive in one case and subtractive in the other, and 
the observed equality of rates could not have occurred. 


II. Experiments with Intravenously Injected, S*-Labeled Methionine 

Four normal dogs (C, D, E, and F) were given intravenous injections 
of S**-labeled methionine. Soon after this injection, S** began to appear 
in the proteins“ of the circulating plasma, the specific activity reaching a 
maximum in about 9 hours. By the 2nd day after injection, the specific 
activity-time function was approximately a decreasing exponential, and 
it continued in this manner for about 2 weeks. Fig. 3 shows this graph- 
ically: the logarithm of the specific activity of plasma protein sulfur is 
plotted as a function of time. Transformation constants were computed 
graphically from the slopes of these curves, with the assumption that they 
are straight lines on the semilogarithmic graph in the interval between 2 
and 15 days after injection of 8. methionine. These constants are pre- 
sented in Table II. The values agree with those obtained after injection 
of labeled serum protein into controlled and uncontrolled diabetic dogs. 
Thus, the two sets of results (Sections I and II) complement and add 
credence to each other. It is therefore reasonable to conclude from the 
data presented here that the rate of degradation of serum proteins in the 
controlled and uncontrolled diabetic dog is well within the normal range. 


DISCUSSION 


In an earlier study (5) we investigated the relation between nitrogen 
balance and the amount of administered insulin in depancreatized dogs. 
A negative nitrogen balance was observed when the dosage of insulin was 
reduced below a certain level, and this net loss of nitrogen indicated that 
a net loss of body protein occurs in diabetes. This protein loss represents, 
of course, a summation of losses from many different proteins of the en- 
tire animal, and it is even possible that certain body proteins increase in 
amount during diabetes. In any case, however, it is reasonable to suspect 
that certain proteins contribute more to the net loss than do others. 


5 In the experiments described in this section, sulfur and 8 were determined on 
the TCA precipitate from the plasma of heparinized blood. 
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Two factors determine the importance of any particular protein in ac- 
counting for this net loss of body protein: (a) the quantity of the partic- 
ular protein in the animal, and (b) difference in the rates of formation and 
degradation of the protein. Because muscle contains the bulk of body 
protein, we recently studied, with S-labeled methionine, the rate of for- 
mation of muscle protein in depancreatized dogs (1). In this work, the 
experimental conditions were chosen so as to standardize the amounts of 
labeled precursor present. It was found that diabetic dogs incorporated 
3 to 5 times less of the S* into muscle protein than did normal dogs or 

ized dogs treated with insulin. It was therefore concluded 
that the rate of formation of muscle protein is reduced in diabetes. Ex- 
cretion studies by Hoberman (6) on alloxan-diabetic rats also tend to 
implicate the synthetic phase rather than the degradative phase of pro- 
tein turnover. His procedure gives average values for the entire animal 

Plasma proteins are present in much smaller amounts than is muscle 
protein. The former, however, are important in total nitrogen metabo- 
lism because of their rapid turnover (7) and because they are considered to 
possess special properties related to storage and transport (8, 9). It is 
especially important to mention here that Whipple and his coworkers 
have demonstrated that the protein requirements of the dog can be sup- 
proteins 
The observations recorded here on the degradative phase of the turn- 
over of plasma proteins in the dog show that serum proteins continue to 
be degraded at their normal rate, within the accuracy of measurement, 
during diabetes. This evidence appears to be rather good, since the same 
dogs served as their own controls and since no inconsistencies were evident 
in the data. Not only did the S* of total serum protein disappear from 
the circulating blood at a normal rate, but the same was true for the S** 
of the albumin and globulin fractions. 

Although the present findings further our understanding of the status 
of body proteins in diabetes, they do not identify the protein source re- 
sponsible for the negative nitrogen balance observed in this condition (5). 
However, it is reasonable to suggest from the following evidence that 
muscle protein could account for the observed negative nitrogen balance: 
In the first place, this tissue contains the bulk of body protein, and con- 
sequently even a small difference between the average rates of formation 
and degradation of muscle protein could result in a considerable net loss; 
secondly, it is possible that a difference between these formation and de- 
gradation rates does occur in diabetes, since the formation rate was de- 
creased 3 to 5 times in the diabetic dog (1), and an equally significant 
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decrease in the degradative rate (which is very difficult to estimate) would 
be required to prevent the occurrence of a net loss of muscle protein. 


1. Biosynthetically prepared, S**-labeled serum proteins were injected 
intravenously into dogs, and the decrease in specific activity of the cir- 
culating serum protein was followed for 7 to 14 days thereafter. Depan- 
creatized dogs served as their own controls by being studied twice: (a) 
while diabetes was carefully controlled with insulin, and (b) while the dogs 
were in the diabetic state and receiving only a minimal amount of insulin. 

2. Evidence is presented indicating that the rate of degradation of 
serum proteins is close to normal in diabetes. 

3. Rates of degradation of the separate albumin and globulin fractions 
were also essentially normal in diabetes. 

4. In order to justify the above use of labeled proteins, S**-methionine 
was injected intravenously into four normal dogs. Between the 2nd and 
15th days after injection, the specific activity of plasma protein sulfur in 
these dogs decreased in a nearly exponential manner. Rate constants 
from these experiments were similar in value to those obtained after in- 
jection of labeled protein. 

5. The status of body proteins in diabetes is discussed. 
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EFFECTS OF A FOLIC ACID ANTAGONIST ON NUCLEIC 
ACID METABOLISM* 
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Microbiological evidence (1) first implicated folic acid in nucleic acid 
synthesis, and several lines of investigation suggest that citrovorum factor, 
or another derivative of folic acid, may function in some manner as a co- 
enzyme in the metabolism of a I- carbon moiety. The function of the for- 
my! group in rhizopterin (2) and citrovorum factor (3) has not been clarified. 
The incorporation of formate into carbon atoms 2 and 8 of purines (4) and 
the production by bacteria of an incomplete purine skeleton (4-amino-5- 
imidasolecarboxamide (5)) in the presence of a sulfonamide (6) or a folic 
acid antagonist (7) led to the demonstration in vitro that citrovorum factor 
was necessary for the production of the purine ring from formate and the 
carboxamide ribotide (8). This was substantiated by the requirement of 
citrovorum factor in a system in vitro in which the purine skeleton could be 
synthesized from small fragments (9). Experiments in vivo have shown a 
decrease in formate incorporation into the purines of folic acid-deficient 
bacteria (10) and into the serine of folic acid-deficient rats (11), while the 
conversion of serine to glycine in the deficient rat was also depressed (12). 
In mice treated with a folic acid antagonist, the incorporation of formate 
into the nucleic acids was decreased (13). It was also demonstrated that 
nitrogen mustards, urethane, cortisone, and x-rays produce a decrease in 
formate incorporation into nucleic acids (14). However, because the folic 
acid antagonist produced a more marked decrease in formate incorporation 
than that observed when bicarbonate was employed as a precursor, it was 
concluded that the folic acid antagonist had a specific effect on formate 

on. 

The experiments described here involved the simultaneous administra- 
tion of CW. formate and Nil. adenine as precursors of nucleic acid. It was 
demonstrated that the ratio of incorporation of formate to that of adenine 
was decreased when aminopterin was also given. The degree of formate 
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tute, National Institutes of Health, United States Public Health Service, and from 
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incorporation into the desoxypentose nucleic acids (DNA) of various organs 
was shown to parallel the degree of pathological change due to the drug. 


Materials and Methods 


Sherman strain rats weighing about 200 gm. were used in these experi- 
ments. They were kept in a constant temperature room in separate cages 
and fed a Purina chow diet. From the original isotopic formate solution,' 
approximately 0.2 cc. was diluted to 50 cc. with water, and 1 drop of 10 x 
NaOH was added. The dose was 5 ce. per kilo or 3.6 X 10’ c.p.m. per kilo, 
determined in an internal flow counter. Administration was by the intra- 
peritoneal route. The adenine was labeled in the 1 and 3 positions (15) 
and contained 4.83 atom per cent excess NI. Adenine-$H,O-4H,SO, (193 
mg.) was dissolved in 50 cc. of water to which 0.18 cc. of 85 per cent lactic 
acid was added. The dose was 10 cc. or 0.2 mm of adenine per kilo and 
was given intraperitoneally. Aminopterin (250 mg.) was suspended in 11.4 
cc. of O. I M NaHCO; and made up to 50 cc. with water. A dose of 50 mg. 
per kilo was administered by intraperitoneal injection unless specified oth- 
erwise. 

Isolation of Whole Nucleic Acids—Immediately after sacrifice, intestine 
from 2 kilos of rat was placed in a dry ice-alcohol mixture, homogenized in 
a Waring blendor, filtered, rehomogenized twice with alcohol and once with 
ether, and dried (yield 32 gm.). 8 gm. of this dry tissue were then sus- 
pended in 20 volumes of 10 per cent NaCl and stirred for 6 hours at 85°. 
After hot filtration, sodium nucleate in the filtrate was precipitated with 3 
volumes of alcohol. After it was cooled overnight, the sodium nucleate 
was collected and was washed with alcohol and ether; 775 mg. were ob- 
tained. Other organs were worked up similarly. 

For total nucleic acid, 300 mg. of sodium nucleate were suspended in 15 
cc. of water, stirred on a steam bath for 10 minutes, chilled, and then acidi- 
fied to pH 2 with 6 nN HCl. The precipitated free nucleic acid was washed 
twice each with water, alcohol, and ether. 

Isolation of Bases—The bases were isolated by a procedure which will be 
described in detail elsewhere.? In brief, this consists of a separation of the 
isolated sodium nucleates by alkaline hydrolysis of the pentose nucleic acid 
(PNA), followed by acid precipitation of DNA. The PNA nucleotides 
were recovered from the supernatant as the barium salts. Each fraction 
was subjected to perchloric acid hydrolysis, and the bases, obtained as silver 
salts, were liberated with hydrochloric acid. Chromatographic separation 
of bases was effected on a Dowex 1 column, with varying concentrations 

1 Obtained from the Oak Ridge National Laboratory, sodium formate 0.28 mu 


per me. of Ci dissolved in 0.775 cc. of dilute alkali. 
* Roll, P. M., in preparation. 
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base were concentrated on Dowex 1 columns and eluted with dilute hydro- 
chloric acid. 

Determination of Isotope—When CM activity of total nucleic acid was 
determined, 90 mg. of the dried, free nucleic acid preparation were finely 
powdered and were placed in an aluminum planchet, 2 cm. in diameter, 
and the activity was determined by the use of an end window Geiger- 
Miiller tube. 

The C activity of the bases isolated chromatographically was deter- 
mined as follows: The HCl in a portion of the eluate was removed by re- 
peated concentrations to dryness in vacuo, the residue was taken up in 
water, and infinitely thin samples were prepared, the activities of which 
were determined in an internal Geiger-Müller flow counter (Radiation 
Counter Laboratories, mark 12, model 1, helium-isobutane gas). Simul- 
taneously, two or three 0.5 cc. aliquots were diluted to 25 cc. with 0.01 n 
HCl for quantitative determination by the spectra. Adequate separation 
of the bases on ion exchange columns and ratios of optical density at wave- 
lengths 250, 260, 280, 290 my corresponding to pure bases served as cri- 
teria of purity. Estimation of purine nitrogen by micro-Kjeldahl analysis 
as well as from spectrophotometric data, however, differed by 9 per cent. 

All samples with Ci activity greater than 30 c.p.m. per um were counted 
to within 2 per cent error, while those with less activity were counted to 
within 10 per cent error. 

For Nis determinations, an aliquot of the HCl eluate employed for micro- 
Kjeldahl analysis was converted to N:. The atom per cent excess N'* was 
then measured with a Consolidated-Nier mass spectrometer, model 21-201; 
probable error +0.001; tank nitrogen was used as a standard. 


EXPERIMENTAL AND RESULTS 


Decrease of Formate Incorporation Due io Aminopterin—At varying times 
after one injection of aminopterin, CW. formate was given to rats which were 
sacrificed 24 hours later. The dose of aminopterin (50 mg. per kilo or 
about 10 X LD, killing all animals in 3 to 7 days (16)) was chosen to 
provide a more uniform response than could be expected from chronic ad- 
ministration. Two animals received isotopic formate simultaneously with 
aminopterin, one animal received the formate 24 hours later, and two 48 
hours later. The nucleic acids of the total viscera were isolated. The re- 
sults (Table I) indicate that the incorporation of formate into the mixed 
nucleic acids of total viscera was initially decreased, but by the 3rd day 
after injection of aminopterin the incorporation of isotope had returned 
towards the control value. This return several days prior to death indi- 
cates that the initial decrease was due to drug action per se and not the 


of sodium chloride and sodium hydroxide. The fractions containing each 
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poor general condition of the animals. The increase in incorporation with 
increasing time probably represents both a recovery from the drug effect 
by some tissues and a loss in other tissues of total nucleic acid, thus giving 
less of a dilution effect. In the intestine, for example, the recovery of so- 
dium nucleate from control rats was 2.0 gm. per kilo, while in the aminop- 
terin-treated group it was 0.86 gm. per kilo. 

To determine whether the result from the simultaneous intraperitoneal 
administration of C'-formate and aminopterin might have been due to 


TABLE I 
Incorporation of Formate Administered at Varying Times after Single Dose of 
Aminopterin“ 
Time of administration C. p. m. Per cent of control 

ͤ ͤͤ aks ola 670 100 
Formate simultaneously.................... 204 31 


* Total nucleic acids; animals sacrificed 24 hours after administration of formate. 
t Infinitely thick (28 mg. per sq. em.). 


TABLE II 
Effect of Varying Doses of Adenine on Incorporation of Fixed Dose of C.- Formate 
into Nucleic Acids 
Dose of adenine C.p.m.* 

mM 

0.02 538 
0.10 508 
0.20 230 


* Infinitely thick (28 mg. per sq. em.). 


chemical interaction of these two substances, one rat was given aminopterin 
by mouth and isotopic formate intraperitoneally. The activity of the 
whole nucleic acids isolated was similar to that when both substances were 
administered intraperitoneally. 

Decrease of Formate Incorporation by Adenine—The effect of adenine on 
the incorporation of formate was investigated by the administration of 
varying doses of unlabeled adenine (0.02, 0.10, or 0.20 mm per kilo) to pairs 
of rats which received simultaneously the above standard dose of Ci. for- 
mate. The animals were sacrificed 24 hours after injection of isotope and 
the activity of the nucleic acids of total viscera was determined. The re- 
sults (Table II) indicate that with a sufficiently large dose of adenine the 
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incorporation of C. formate into nucleic acids is decreased. This could 
represent either an inhibitory effect of adenine on nucleic acid synthesis or 
a sparing action of adenine on the need for de novo synthesis from formate. 
Two facts support the latter interpretation. When adenine is administered 
with formate, the formate incorporation into purine relative to thymine is 
decreased with respect to that observed in a similar experiment without 
adenine.’ The ratio of CM activity of the adenine and thymine of DNA of 


Taste III 
Effect of Aminopterin on Incorporation of C- Formate and V. Adenine into Nucleic 
Acids of Intestine and Liver 


C activity, c.p.m. per uM Atom per cent excess N 


Control | Percent chane Control | Aminop- | Per cent 


change 


DNA Adenine 189 11.8 — 94 0.072 | 0.044 — 39 
Guanine 201 18.3 — 94 0.016 | 0.019 
Thymine 251 21.4 —92 

PNA Adenine 254 81 —68 0.126 | 0.143 +14 
Guanine 277 79 — 71 0.029 | 0.043 +48 

Liver 

DNA Adenine 7.1 2.1 0.009 | 0.008 
Guanine 7.0 3.8 —50% Ca.* 0.005 
Thymine 7.8 1.1 

PNA Adenine 63 39 — 38 0.205 | 0.151 — 26 
Guanine 43 27 — 36 0.034 | 0.079 | +132 


* A more accurate estimation of the decrease is not justified in view of the low 
activities measured. 


control intestine (Table III) is 0.75, while in this tissue when no adenine is 
employed this ratio approached 2.0. Also there is an appreciable incor- 
poration of Ni. adenine into the adenine isolated from the DNA of control 
intestine and spleen (Table V). A similar sparing action of preformed 
purines has been demonstrated in Lactobacillus casei (17) and in yeast (18). 

Effect of Aminopterin on CM. Formate and N'*-Adenine Incorporation. Ex- 
periment 1a—Both formate and adenine were administered simultaneously 
with and without aminopterin to ascertain whether a differential effect of 
the drug on either of these precursors could be detected. A control group 
of ten rats received simultaneously N'*-adenine (0.2 mm per kilo) and Ci 


* Goldthwait, D. A., unpublished observations. 
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formate (standard dose), while a second similar group received, in addition, 
one injection of aminopterin (50 mg. per kilo) 15 minutes before the isotopic 
compounds. All animals were sacrificed 24 hours later. The gastrointes- 
tinal tracts, livers, spleens, kidneys, and testes were pooled separately and, 
from these, nucleic acid bases were isolated. The results of the isotope 
analyses on the PNA and DNA of the gastrointestinal tract and liver are 
presented in Table III. The aminopterin produced an extreme decrease 
in the incorporation of formate, which was greatest in the DNA fraction of 
intestine. In all fractions, the decrease in the incorporation of formate was 
not accompanied by a corresponding decrease in the incorporation of ade- 
nine. In fact, the incorporation of NI. adenine in the aminopterin-treated 
animals was greater than the control values in all samples except intestinal 
DNA adenine and liver PNA adenine. The apparent increase in the incor- 
poration of N'*-adenine into PNA of intestine, following aminopterin ad- 
ministration, may be related to the breakdown of cells and the decrease in 
total nucleic acid of this organ. This would dilute the isotope to a smaller 
extent. 

Aminopterin appears to affect the amount of guanine derived from ad- 
enine. The ratio of incorporation of the administered Nis. adenine into the 
adenine and into the guanine of each of the PNA and DNA fractions from 
the controls was about 4 (liver PNA, 6), but in all cases it was nearer 2 in 
the aminopterin-treated animals. The obvious absolute increase in the NI. 
content of the guanine of PNA of intestine and liver of the aminopterin- 
treated animals (Table III) can thus be correlated with a relative increase 
in the proportion of guanine derived from adenine in all other fractions. 
Earlier results, showing a greater incorporation of glycine (19, 20) and for- 
mate (21) into guanine than into adenine, suggested that there must be an 
anabolic pathway leading to guanine derivatives which does not involve 
adenine as an intermediate. If aminopterin decreases formate availability, 
a greater proportion of polynucleotide guanine might be derived from the 
preformed N. adenine. This interpretation is compatible with the con- 
sistent decrease, following aminopterin, in the ratio of Ni in the adenines 
compared to the guanines. 

The results in Table III indicate that incorporation of both adenine and 
formate is affected more in the DNA than in the PNA fractions. The 
reason for this is not apparent, but it is pertinent that both x-rays (22) 
and nitrogen mustard? also have this differential effect on intestinal tissue. 

The incorporation of CI formate into pyrimidines other than thymine 
was negligible. The activity of cytosine of the control intestinal DNA was 
11 ¢.p.m. per uM, while that of the cytosine and uracil of the control intes- 
tinal PNA was 9 c.p.m. per uu. 

Experiment 1b—To extend the above results, a comparable experiment 
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was carried out. Two groups of five animals were similarly injected and, 
on sacrifice, the gastrointestinal tracts were divided into two portions, the 
small intestine (duodenum, jejunum, and ileum) and large intestine plus 
stomach. The bases of the DNA were isolated and the results are pre- 
sented in Table IV. Again the differential effect on formate incorporation, 
with respect to adenine, is apparent. The higher formate activity in the 
small intestine and the more extreme depression of this activity by aminop- 
terin supplement the results with the whole gastrointestinal tract (Table 
III). 

Experiment Ie To determine whether or not there is a correlation be- 
tween the pathological changes noted in different organs (16, 23) and the 
incorporation of formate, the DNA bases were isolated from pooled spleens, 


TaBie IV 
Effect of Aminopterin on Incorporation of CM. Formate and N'5-Adenine into DNA of 
Small Intestine and into Stomach Plus Large Intestine 


Cu activity, c.p.m. per au Atom per cent excess Nis 


Small intestine Adenine 213 6.6 —97 | 0.079 0.043 —46 
- Guanine 354 26 —93 | 0.021 | 0.021 
Thymine 390 24 —9A4 
Large intest ine and Adenine 89 22 —75 | 0.047 0.036 —23 
stomach Guanine 103 35 —66 | 0.011 | 0.017 
Thymine 142 15 — 89 


kidneys, and testes of the two groups of animals from Experiment la. These 
results plus those from Experiment 1b are presented in Table V. The bio- 
logical significance of these results will be discussed in the following section. 
It is noteworthy that there is no constant ratio of incorporation of formate 
into adenine, guanine, and thymine of the DNA of different tissues. The 
reported constancy of amount (24) and composition (25) of DNA among 
different organs in one species might lead one to expect, under proper ex- 
perimental conditions, more nearly equal ratios of incorporation. 
DISCUSSION 

The differential effect of aminopterin on the incorporation into nucleic 
acids of formate compared to adenine at first suggests that the drug exerts 
a specific effect on formate. However, other possibilities exist which have 


not been ruled out in this experiment. Were aminopterin to produce an 
increase in the size of the formate pool, the resulting greater dilution of 
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isotopic precursor would give results similar to those presented. It has 
been demonstrated that one reaction contributing to the 1-carbon pool, 
namely the conversion of serine to glycine, is decreased in the folic acid- 
deficient rat to one-half its normal rate (12). This evidence indicates a 
decrease rather than an increase in the formate pool. If aminopterin de- 
creased the concentration of both adenine and formate equally, then en- 
zyme saturation would become an important consideration. If the first 
enzyme concerned with adenine incorporation was saturated (adenine was 
administered at 0.2 mu per kilo); while the first enzyme concerned with 
formate incorporation was not saturated (formate was administered at ap- 
proximately 0.007 mu per kilo), an equal decrease in concentration of both 


TABLE V 
Effect of Aminopterin on Incorporation of C M- Formale into DNA of Different Organs* 
Activities in counts per minute per micromole. 


Control Aminopterin 
Adenine | Guanine Thymine Adenine Guanine Thymine 
Small intestine..................... 213 354 390 6.6 26 24 
Large and stomach........ 89 103 142 | 22 35 15 
39 44 41 3 2 2 
n 8 1 18 5 6 19 
˙ 7 7 8 2 4 1 
4 12 7 1 


* Data from Experiments Ib and le. The incorporation of the N'*-adenine into 
the DNA adenine of the control tissues resulted in the following NI values: small 
intestine 0.079, large intestine and stomach 0.047, spleen 0.022, liver 0.009. 


precursors would result in a more marked decrease of formate incorporation. 
It has been observed that nitrogen mustard decreases about equally the 
incorporation of somewhat similar levels of both precursors into intestinal 
DNA, but this is not a good control for the differential effect of aminop- 
terin. ‘That aminopterin by some obscure mechanism might increase the 
level of adenine or a related intermediate and thereby produce a sparing 
effect on formate incorporation is unlikely, since the incorporation of for- 
mate is depressed by aminopterin when no adenine is administered (Table 
I) and the formate incorporation into thymine is also depressed by the drug 
even when adenine is administered (Table III). If the above possibilities 
could be ruled out, it would be reasonable to assume that the drug affects 
some step in the purine synthetic chain leading to nucleic acid. The few 
facts regarding synthesis of the purine skeleton indicate that ribose or its 
phosphate is attached to a precursor of the 4-amino-5-imidazolecarboxa- 
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mide before the purine skeleton is formed (8, 9). Since the adenine ring 
probably does not open during its incorporation into nucleic acids,“ * ad- 
enine cannot be directly on the path described, but may enter as a ribose 
derivative at a later step. In this synthetic scheme, aminopterin could 
affect any step from the small precursors up to the possible linkage of ribo- 
tides and produce the differential effect on formate noted. However, one 
fact in the data points to the locus of drug action on a 1-carbon moiety. 
There is a remarkable parallel between the decrease in formate incorpora- 
tion into thymine and into purines produced by aminopterin. This sug- 
gests that this drug affects a I- carbon fragment before it is incorporated 
into either purine or pyrimidine skeleton. Also, because of this parallel 
decrease of incorporation, it seems unlikely that the drug affects some other 
nucleic acid precursor. 

It is possible to correlate the relative incorporation data with the varying 
degrees of pathological change noted in different tissues (16, 23) after the 
administration of aminopterin. In Table V the tissues are listed in the 
order of formate incorporation into DNA, but this listing could well be 
based upon the extent of histological damage due to aminopterin. The 
small intestine, particularly the duodenum, suffers the most severe changes, 
while the large intestine shows moderate damage and the stomach only 
slight damage.“ The myeloid tissue, comprising 15 to 20 per cent of the 
rat spleen, is severely affected, while the lymphoid tissue shows little if any 
change (in the adrenalectomized animal, aminopterin has no effect on 
lymphoid tissue (26)). Testes show no obvious damage and the kidney 
and liver are unaffected. There is thus a parallel between the degree of 
tissue damage and the extent of incorporation of formate into the DNA of 
those tissues in the normal animal. 

There is also a parallel between the extent of cell division and the incor- 
poration of formate into the DNA of those tissues. In the jejunum of the 
mouse and the duodenum of the rat the intermitotic times of crypt epi- 
thelium are 43 (27) and 38 (28) hours respectively. This rapid mitotic 
rate in the small intestine correlates well with the high degree of formate 
incorporation into DNA of this tissue. By contrast, the intermitotic time 
of lymphoid tissues in the mouse is estimated to be 24 days (27). Ina 
human with lymphatic leucemia the peak of incorporation of one injection 
of Pes into white cells occurred at 23 days.“ The fact that thymine activity 
in the spleen is approximately one-tenth that of the intestine (Table V) 
agrees with the observation regarding a long intermitotic time for the 

Marsh, W. H., Doctoral thesis, Western Reserve University, 1951. 

Balis, M. E., unpublished observations. 


* Buckley, J. J. personal communication. 
Hellman, L., personal communication. 
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lymphoid tissues. This is not in line with data on the life span of the 
lymphocyte (29, 30). In the testes of the rat, the spermatogenic cycle is 
calculated as 16 days (31), while, following irradiation, 2 to 3 weeks elapse 
before undifferentiated cells reappear (32). The mitotic rate in the liver 
(33) and the kidney is extremely low, as is the incorporation of formate into 
the DNA bases of those organs. It is apparent from the data on both 
formate and adenine that the tissues showing the highest mitotic rate syn- 
thesized the most DNA per unit time. From the data presented it is not 
valid to conclude that DNA is synthesized solely in premitotic or mitotic 
cells; however, any DNA synthesis in resting cells must be minimal com- 
pared to that in mitotic cells. The correlation between mitotic activity 
and formate incorporation makes it tempting to hypothesize that the ac- 
tion of the drug in decreasing the availability of formate results in a defi- 
ciency which evidences itself first in those tissues which utilize the most 
formate per unit time for DNA synthesis. 

A point of interest in the interrelationship of the simultaneously admin- 
istered adenine and formate is the different extent of utilization of adenine 
compared to formate for the synthesis of PNA adenine in different tissues. 
Thus, in liver, adenine is used for PNA synthesis more extensively, relative 
to formate, than it is in intestine, and these results confirm the separate 
observations made on the relative incorporation of adenine (34) and of for- 
mate’ into PNA of liver and intestine. 

Conflicting evidence has accumulated from different laboratories regard- 
ing the relative renewals of PNA and DNA of the liver. The ratio of in- 
corporation of glycine (19, 20) into the PNA and DNA purines was approxi- 
mately 3:1, and with formate this ratio approaches that of glycine in the 
liver of rats.“ However, with adenine (34), this ratio was greater than 50: 1, 
and simultaneous administration of adenine and glycine (35) confirmed 
these differences. The ratio for adenine reported here (Table III, cor- 
rected by —0.005 for the difference between biological and tank“ nitrogen 
(36)) is about 50:1, while that for formate is 9:1, and thus the results for 
adenine and formate are quite similar to those found for adenine and gly- 
cine. An explanation for the different results with the various precursors 
may involve the preferential utilization of adenine for liver PNA. This 
again emphasizes the conclusion (37, 38) that the renewal of the nucleic 
acids may be dependent upon the nature of the isotopically labeled pre- 
cursor. 
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support throughout this work, Dr. Frederick S. Philips for many helpful 


o Drochmans, P., Marrian, D. II., and Brown, G. B., Arch. Biochem. and Biophys., 
in press. 
* Bendich, A., unpublished observations. 
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SUMMARY 


The effect of aminopterin on the incorporation of C'-formate and N"™- 
adenine into nucleic acids of the rat has been investigated. 

The incorporation of formate into purines was depressed by aminopterin 
to a greater extent than was the incorporation of adenine. This effect was 
noted in PNA and DNA of intestine and PNA of liver. The effect of 
aminopterin on the incorporation of formate into thymine was similar to 
its effect on the incorporation of formate into purines. The decrease of 
formate incorporation was more marked in the DNA than in the PNA of 
intestine. 

A “sparing” action of adenine on formate utilization for nucleic acid 
synthesis has been demonstrated in the rat. 

Investigation of C-formate incorporation into the bases of DNA re- 
vealed the highest incorporation in small intestine. Other organs, in di- 
minishing order, were large intestine plus stomach, spleen, and finally tes- 
tes, kidney, and liver. 

The extent of incorporation of formate into DNA of these organs appears 
to be correlated with the rate of mitosis. The incorporation and the extent 
of its depression by aminopterin were directly related to the degree of tissue 
damage caused by the drug. 
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GLUCOSE AND GLUCONIC ACID OXIDATION OF 
PSEUDOMONAS SACCHAROPHILA* 


By NATHAN ENTNER ann MICHAEL DOUDOROFF 
(From the Department of Bacteriology, University of California, Berkeley, California) 


(Received for publication, December 31, 1951) 


There has been increasing evidence recently that the so called “hexose- 
monophosphate shunt,” involving a direct oxidative attack on the C. 
skeleton of glucose, is of fundamental significance in the metabolism of 
certain microorganisms and perhaps in most biological systems. This 
oxidative mechanism has been observed in various bacteria (1-9), animal 
tissues (10-12), molds (13), and even in yeast Lebedev juice (14). 

All of the mechanisms of glucose metabolism reported to date, other 
than the classical Embden-Meyerhof scheme, have in common the fact 
that CO, is produced largely from the Ist carbon atom of glucose. In 
the Embden-Meyerhof scheme, on the other hand, the carboxyl groups of 
pyruvic acid, which are an important source of CO, are derived from the 
3rd and 4th carbon atoms of glucose. 

In an experiment with a resting cell suspension of Pseudomonas sac- 
charophila, in which C,-labeled glucose was decomposed aerobically, it 
was found that the labeled carbon was almost quantitatively recovered 
as CO: . Previous experiments suggested that a mechanism other than 
a primary decarboxylation of a Ce skeleton to yield a pentose might be 
operative. It had been shown that (1) intact cells of P. saccharophila 
assimilate almost two-thirds of the carbon of glucose, pyruvate, or lactate, 
(2) the a- and 8-carbons of pyruvate or lactate are assimilated, while the 
carboxyl group appears almost entirely as CO:, and (3), when assimilation 
is inhibited with dinitrophenol (DNP), pyruvic acid accumulates in the 
oxidation of glucose. These observations suggested that, just as in the 
classical glycolytic scheme, the utilization of glucose by this organism 
involves a split into two 3-carbon fragments before oxidative assimilation 
takes place. | 
The studies to be reported indicate that such a split of the glucose skel- 

eton does indeed occur, 2 molecules of pyruvic acid being formed from a 
molecule of glucose. The carboxyl group of 1 of the pyruvic acid mole- 
cules is derived from the Ist carbon atom of glucose. The key step in 
this scheme appears to be the cleavage of 6-phosphogluconic acid or an 
isomer of this compound to yield pyruvic acid and triosephosphate. 

* Part of this work was performed under a contract between the Office of Naval 
Research and the University of California. 

853 


* 


854 GLUCOSE OXIDATION OF P. SACCHAROPHILA 


Methods 

Cells were grown on a liquid mineral medium as previously described 
(15), with glucose or sodium gluconate as the sole carbon source. Resting 
cell suspensions were prepared by centrifuging liquid cultures inoculated 
24 hours previously, washing, and resuspending in m/30 phosphate buffer 
at pH 6.8. Enzyme preparations were obtained by grinding washed, 
centrifuged cells with levigated alumina powder according to the method 
of Mellwain (16) and gradually adding 5 parts of m/30 buffer solution 
of pH 7, either tris(hydroxymethyl)aminomethane or phosphate. During 
this operation the containers and solutions were all kept at 0°. After 
centrifugation of the alumina-ground cell suspension in a Servall centri- 
fuge at 12,000 r.p.m. for 30 minutes, a clear viscous solution high in pro- 
tein content was obtained. This was used immediately or stored at —20° 
until needed. 

Oxygen consumption and CO; evolution were determined with the War- 
burg respirometer. 

Pyruvic acid was determined by decarboxylation with ceric sulfate (17) 
or colorimetrically (18) as carbonate-extractable 2 ,4-dinitrophenylhydra- 


zone. 

Methylglyoxal was determined colorimetrically by preparing the bis- 
2,4-dinitrophenylhydrazone (or osazone) and developing the color with 
5 per cent alcoholic NaOH. In mixtures of pyruvic acid and methyl- 
glyoxal the color contributed by the pyruvate hydrazone was eliminated 
by washing the bishydrazone with acidic alcohol or by applying simul- 
taneous equations for the color absorption at 440 my and 570 mu on the 
Beckman spectrophotometer. 

Total triose was measured as methylglyoxal after distillation of the sam- 
ple from 10 per cent H,SQ,. 

Glucose was determined manometrically by oxidation with notatin, the 
glucose oxidase of Penicillium notatum (19). This method was also used 
to prepare radioactive gluconate from labeled glucose. 

All phosphate determinations were carried out according to the method 
of Fiske and Subbarow (20). Triosephosphate was measured as phosphate 
liberated in N KOH after 20 minutes incubation at room temperature. 
Dihydroxyacetone phosphate and glyceraldehyde phosphate were differen- 
tiated by determining alkali-labile phosphate before and after I, oxidation 
in dilute Na: CO,. To obtain demonstrable amounts it was necessary to 
trap the triosephosphate with hydrazine sulfate according to the method 
of Meyerhof and Junowicz-Kocholaty (21). Adenosinetriphosphate (ATP) 
was measured as 7 minute-hydrolyzable phosphate. 

Radioactivity was determined by drying the sample in question on 
copper disks and counting in a Geiger-Miiller, model 1000B, counting 


* 
11 
a 
14 
; 
14 
1 


N. ENTNER AND M. DOUDOROFF 855 


chamber. Counts were made on the hydrazone or bishydrazone of py- 
ruvate or methylglyoxal, respectively, in order to obtain the activity of the 
parent compound. The activity of the carboxyl group of pyruvate was 
obtained by collecting the CO, liberated from the action of ceric sulfate 
or yeast carboxylase in CO,-free KOH, followed by treating according to 
methods previously described (15). 

Oxygen consumption by enzyme preparations was mediated by the use 
of methylene blue as hydrogen carrier (1:20,000), while experiments con- 
ducted under anaerobic conditions were carried out in evacuated Thunberg 
tubes. 


EXPERIMENTAL 


Glucose and Gluconate Utilization by P. saccharophila Poisoned with DNVP 
and with Arsenite 

Intact cells of P. saccharophila were grown, harvested, and studied with 
the Warburg respirometer as previously described (15). They were al- 
lowed to oxidize glucose labeled in the Ci position! with Ci“ in the presence 
of 0.00025 m DNP and of 0.002 M arsenite respectively. Under proper con- 
ditions in the presence of these poisons, pyruvic acid was found to accu- 
mulate in the medium, almost in theoretical yield of 2 moles per mole of 
glucose used (see Table I). 

The pyruvic acid was identified* and assayed for Ci“ as the 2,4-dinitro- 
phenylhydrazone, and the activity of the carboxyl group was determined 
by decarboxylation with ceric sulfate and with yeast carboxylase. In all 
cases the specific activity of pyruvate was found to be very close to half 
the specific activity of glucose on the molar basis. All of the Ci“ content of 
pyruvate could be accounted for by the C content of the carboxyl group. 
Similar results were obtained with C,-labeled gluconate’ as substrate when 
cells grown with gluconate as substrate were used (see Table I). It there- 
fore appears that 2 molecules of pyruvic acid are formed from glucose or 
from gluconic acid, the carboxyl group of one of which comes from the Ist 
carbon atom of the substrate. 


Exchange of Carboxyl Groups with CO, or Formate 
It seemed possible that the Ce compound might be first degraded to a C.: 
compound by the loss of the Ist carbon atom as CO: or formic acid, and 


1 The C-labeled glucose was prepared by Dr. J. C. Sowden and was generously 
supplied by Dr. W. Z. Hassid of the Division of Plant Biochemistry, University of 
California, and by Dr. I. C. Gunsalus of the University of Illinois. 

? Melting point of 2,4-dinitrophenylhydrazone of the reaction product, 214-216°; 
of 2,4-dinitrophenylhydrazone of pyruvate, 215-216°; mixed melting point, 214-216°; 
all melting points uncorrected. 

The labeled gluconic acid was prepared from C,-labeled glucose by oxidation 
with notatin. 
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that the Ci compound could give rise to 2 pyruvic acid molecules by a 
CC,: split and the subsequent addition of the Ci fragment to the C. 
fragment. This would imply an equilibration of the carboxyl group of 
pyruvate formed in the reaction with either CO, or formic acid. Experi- 
mental evidence does not support the above hypothesis. No exchange 


TABLE I 


Utilization of Ci Labeled Glucose and Gluconic Acid by Intact Cells of P. saccharophila 
in Presence of DNP and Arsenite 

The reactions were carried out for from 2 to 3 hours at 30° in the Warburg respi- 
rometer. To each vessel were added 2 ml. of cell suspension (D 0.450 with 600 my 
filter on the Klett colorimeter), 0.6 to 0.7 ml. of inhibitors in appropriate concentra- 
tion, and 0.2 ml. of C,-labeled glucose or gluconate (0.05 m) from the side arm. When 
the reaction was complete, the contents of each vessel were removed and centri- 
fuged, and the supernatant or KOH from the center well analyzed by the methods 
described. 

Amounts expressed in micromoles per ml. of reaction mixture; specific activities 
as counts per micromole per minute. 


Glucose Glucose Glucona te Glucose 
wie Arsenite Arsenite Iodoacetate 
1) (0.002 1 (0.002 ) (0.002 ) 
Substrate utilized 1.1 3.49 3.56 2.85 
Pyruvic acid produced 1.9 5.82 5.59 2.0 
Methylglyoxal produced 2.2 
O: used 4.0 3.52 2.31 2.7 
CO; produced 2.9 0.88 1.80 0.8 
Specific activity of 
Glucose or gluconate 364 1000 1000 541 
Pyruvate 186 515 502 560 
Methylglyoxal ° 4 
COOH group of pyruvate 182 530 550 473 
Respiratory CO; 42 350 360 168 
* Not determined. 


between labeled formate and the carboxyl group of pyruvate could be 
detected during the oxidation of glucose. 

An exchange between labeled CO, and the carboxyl group of pyruvate 
was observed both during the active formation of pyruvate from glucose 
and after the exhaustion of glucose. However, these exchanges were not 
great, especially in the presence of DNP (see Table II). It is also signifi- 
cant that in the presence of this poison the specific activity of the respira- 
tory CO, produced during glucose oxidation was much lower than the 
specific activity of the carboxyl group of pyruvate. It is apparent from 
Table I that in all of the experiments some pyruvate is oxidized to yield CO, 
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Glucose and Gluconate Utilization by P. saccharophila Poisoned with 
Todoacetate 


Further insight into the mechanism of the glucose oxidation by P. 
saccharophila was gained by using cells poisoned with 0.002 m monoiodo- 


II 
Exchange of Carboxyl Group of Pyruvate with CO; by Intact Poisoned Cells 
Experiments 1 and 5 with labeled glucose in the absence of CO,. Experiments 
2, 4, and 6 with labeled glucose or pyruvate and with inactive CO, in the gas phase. 
Experiments 3 and 7 with inactive glucose and labeled CO, 


In presence of 0.002 M arsenite 
Experiment 1 Experiment? | Experiment 3 | Experiment 4 
Glucose (initial), um per vessel 10 10 10 None 
CO, (initial), % in gas phase None 10 3.5 10 
Pyruvate (initial), au per vessel - None None 17.8 
Specific activity (counts per au 
per min.) of 
Glucose (initial) 1180 1180 0 
CO; (initial) 0 20,700 0 
COOH of pyruvic acid an- 609 
itial) 
COOH of pyruvic acid (final) 609 550 1,920 517 
In presence of 0.00025  DNP 
Experiment 8 | Experiment 6 | Experiment 7 
Glucose (initial), au per vessel Not determined 
CO; (initial), % in gas phase None 10 3.5 
Pyruvate (final), au per vessel 12.3 15.5 11.2 
Specific activity (counts per um 
per min.) of 
Glucose (initial) 1180 1180 0 
CO, (initial) 0 20,700 
COOH of pyruvic acid (final) 603 573 473 


acetate (see Table I). Under these circumstances the reaction proceeds 
with an oxygen uptake of approximately 0.5 mole per mole of glucose, as 
indicated by a sudden sharp break in the rate of oxygen uptake. The 
principal accumulated products in the medium were found to be pyruvate 
and methylglyoxal. These were identified by their respective hydrazone 
and bishydrazone.‘ 1 mole of glucose yielded approximately 1 mole each 

Melting point of 2,4-dinitrophenylhydrazone of the reaction product, 214-216°; 
of 2,4-dinitrophenylhydrazone of pyruvate, 215-216°; mixed melting point, 214-216°; 


4 
¢ 
— — — — ° — — — — — 
‘ 
i 


858 GLUCOSE OXIDATION OF P. SACCHAROPHILA 


of pyruvic acid and methylglyoxal. Small quantities of as yet unidentified 
products (probably triose) also appeared to be present. By again em- 
ploying C,-labeled glucose, the portion of the hexose skeleton from which 
each of the two C; fragments is derived was determined. The pyruvic 
acid was found to have the same specific activity as the glucose, all of the 
Cu being in the carboxyl group. The methylglyoxal, on the other hand, 
was completely inactive. 

When gluconate was provided as substrate to gluconate-adapted cells 
poisoned with iodoacetate, the same two products were obtained and 
identified. 

Experiments with Enzyme Preparations from Glucose-Grown Cells 

The occurrence of the pathway for glucose oxidation thus far indicated 
in experiments with intact cells was substantiated by experiments with 
enzymes obtained by grinding the cells with levigated alumina. 

Initial Phosphorylation (Hexokinase)—The necessity for an initial phos- 
phorylation soon became apparent when it was found that the enzyme 
preparations could reduce methylene blue in evacuated Thunberg tubes 
upon the addition of glucose-6-phosphate but not of glucose. A hexokinase 
reaction was demonstrated by the disappearance of 7 minute-hydrolyzable 
phosphate when the enzyme preparation was incubated with glucose and 
ATP. The product of the reaction between ATP and glucose was tenta- 
tively identified as glucose-6-phosphate. Fructose-6-phosphate was also 
formed, indicating the presence of phosphohexoisomerase. An assay for 
fructose-6-phosphate, coupled with a study of the rate of hydrolysis of the 
barium-soluble fraction of the mixture of phosphoric esters, indicated that 
the mixture contained 23.5 per cent fructose-6-phosphate and 76.5 per cent 
glucose-6-phosphate. This corresponds closely to the previously known 
ratio of the two compounds under equilibrium conditions. 

Oxidation of Glucose-6-phosphate—An appreciable rate of oxygen uptake 
could be obtained with glucose-6-phosphate as substrate, provided methyl- 
ene blue was employed as a hydrogen carrier. Glucose, on the other hand, 
did not increase the oxygen uptake above the endogenous rate. Thus, 
with 2.5 ml. of reaction mixture, containing 2.0 ml. of enzyme preparation, 
0.1 ml. of 0.1 per cent methylene blue, and 0.1 y each of diphosphopyridine 
nucleotide and triphosphopyridine nucleotide, after aerobic incubation for 
180 minutes at 30°, 1.6 um of oxygen were taken up in the absence of sub- 
strate, 1.65 um in the presence of 20 um of glucose, and 4.1 uM in the pres- 
ence of 20 um of glucose-6-phosphate. With the last substrate only 1.2 um 
of CO, were produced. In the presence of arsenite pyruvic acid was found 


of bishydrazone of the reaction product, 305-307°; of bishydrazone of methylglyoxal, 
305-307°; mixed melting point, 305-307° (all uncorrected). 
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to accumulate, thus revealing the presence of the entire complement of en- 
zymes necessary for the production of pyruvate from glucose-6-phosphate. 

Utilization of 6-Phosphogluconate—To show that 6-phosphogluconate 
could be attacked at a rate commensurate with the utilization of glucose-6- 
phosphate, the rate of production of pyruvate from these substrates was 
measured. In the presence of methylene blue and 0.002 M arsenite, py- 
ruvate was formed at almost identical rates from either substrate. In 
an experiment in which the enzyme preparation was shaken under aerobic 
conditions at 30° with glucose-6-phosphate and with 6-phosphogluconate, 
8 uu of each per ml., respectively, in the presence of 0.004 per cent methyl- 
ene blue, 0.002 m arsenite, and 0.04 y each of diphosphopyridine nucleotide 
and triphosphopyridine nucleotide, 1.8 um of pyruvic acid were produced 
per ml. per hour from the former substrate and 1.94 um from the latter. 

Anaerobic Split of 6-Phosphogluconate to Pyruvie Acid and Triosephos- 
phate It is apparent from previous experiments that the conversion of 6- 
phosphogluconate to two C, compounds should not require the presence of 
oxygen. Under anaerobic conditions 6-phosphogluconate could readily be 
observed to undergo a split to approximately equal amounts of pyruvic 
acid and a 3-carbon compound on the oxidation level of a triose. That 
this compound is not methylglyoxal was clear from the fact that practically 
no bishydrazone was formed upon the addition of 2 ,4-dinitrophenylhydra- 
zine to the reaction mixture. Upon distillation from 10 per cent H:SQ,, 
however, methylglyoxal was found abundantly in the distillate, demon- 
strating the presence of a triose. 

Since methylglyoxal was not formed directly in the reaction, analyses 
were carried out both for triosephosphate and free triose as products of 
cleavage of 6-phosphogluconate. However, due to a rapid phosphatase 
reaction, triosephosphate (as alkali-hydrolyzable phosphate) could be dem- 
onstrated only in minute amounts. The use of fluoride as a phosphatase 
inhibitor or of cyanide as a “trapping agent”’ proved to be ineffective, since 
these poisons apparently prevent the cleavage of 6-phosphogluconic acid. 
On the other hand, when 0.05 u hydrazine sulfate was added to the re- 
action mixture and the hydrazine subsequently removed with benzaldehyde, 
considerable alkali-hydrolyzable phosphate was found to accumulate. If 
the reaction was allowed to proceed for a short time (10 minutes) in the 
presence of hydrazine, all of the triose could be accounted for as the phos- 
phorylated compound. The disappearance of the bulk of the alkali-hydro- 
lyzable phosphate after iodine oxidation indicates that the compound in 
question is glyceraldehyde phosphate. 

When 2 ml. of enzyme preparation were allowed to react for 10 minutes 
in a 30° water bath in the presence of 20 um of 6-phosphogluconate and 
0.05 m neutralized hydrazine sulfate, an analysis of the products showed 
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the accumulation of 1.12 au per ml. of pyruvic acid, 1.20 um per ml. of al- 
kali-hydrolyzable phosphate, and 1.10 um per ml. of total triose, indicating 
that all of the latter compound exists in the phosphorylated form. After 
iodine oxidation according to the method of Meyerhof and Junowicz- 
Kocholaty (21), there was a disappearance of the alkali-hydrolyzable phos- 
phate to the same extent that iodine oxidation caused the disappearance 
of alkali-labile phosphate from known solutions of glyceraldehyde phos- 
phate (about 80 per cent under the conditions that were employed). 

Pyruvate Production from Phosphoglyceric Acid and Glyceraldehyde Phos- 
phate—Pyruvate formation could be observed quite readily when phospho- 
glyceric acid was incubated anaerobically with the enzyme preparation, 
although measurable amounts of phosphoenol pyruvate could not be dem- 
onstrated. The aerobic formation of pyruvate from glyceraldehyde phos- 
phate, however, proceeded rather poorly, owing probably to the very 
strong phosphatase activity of the enzyme preparation with this com- 
pound. No pyruvate was formed by the enzyme preparations from non- 
phosphorylated glyceric acid or glyceraldehyde. 


DISCUSSION 


The above experiments show that glucose and gluconic acid can be 
metabolized by P. saccharophila through the cleavage of a 6-carbon com- 
pound on the oxidative level of gluconic acid to yield 1 molecule of pyruvic 
acid and 1 of glyceraldehyde phosphate. The utilization of glucose appears 
to involve the phosphorylation of this compound to glucose-6-phosphate 
and its oxidation to 6-phosphogluconic acid. The latter compound is 
then split in such a way as to give rise to pyruvic acid, the carboxyl group 
of which is derived from the C, position, and to glyceraldehyde phosphate. 
It seems likely that a rearrangement of the phosphogluconic acid molecule 
takes place prior to the split. An intermediate which would fulfil the 
requirements would be 2-keto-3-desoxy-6-phosphogluconic acid, the car- 
boxylated analogue of desoxyribose-5-phosphate. The cleavage of such a 
compound would be analogous to that reported by Racker (22), in which 
desoxyribose-5-phosphate gives rise to acetaldehyde and glyceraldehyde 
phosphate. Such a compound has not yet been found in the reaction 
mixtures or prepared synthetically. 

It has further been shown that phosphoglyceraldehyde (though poorly) 
as well as phosphoglyceric acid gives rise to pyruvic acid under appropriate 
conditions in the presence of enzyme preparations, while glyceraldehyde 

* Glyceric acid and phosphoglyceric acid were generously supplied by Dr. H. A. 
Barker of the Division of Plant Biochemistry, University of California, glyceralde- 
hyde (pt mixture) by Dr. H. O. L. Fischer of the Department of Biochemistry, Uni- 
versity of California, and the glyceraldehyde phosphate (pL mixture) by Dr. E. 
Baer of the University of Toronto. 
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and glyceric acid are not attacked. This suggests the operation of the 
classical mechanism for the oxidation of trioses (23-26). The effect of 
iodoacetate on intact cells supports this view. 

The massive conversion in vivo of triosephosphate to methylglyoxal in 
the presence of iodoacetate appears to be a new phenomenon, which again 
revives the question of the possible biological role of this compound, which 
was suggested in early experiments of Neuberg and Kobel (27). Though 
one must be aware of the possibility of a spontaneous conversion of triose 
to methylglyoxal, this does not appear to be the case in view of the almost 
quantitative accumulation of the latter compound and the failure to obtain 
an observable reduction of Fehling’s solution in the cold. 

The further oxidation of the pyruvate formed from glucose by intact 
cells to yield CO, and cell material appears to follow the pattern previously 
postulated on the basis of a comparison of the oxidative assimilation with 
different substrates and of the interpretation of experiments with labeled 
compounds (28, 29, 15). The carboxyl group of the pyruvic acid appears 
as CO,, while most of the rest of the carbon atoms are assimilated. This 
explains the almost quantitative recovery of the Ist carbon atom of glucose 
as respiratory CO,, and the assimilation of two-thirds of the glucose mole- 
cule. It is, at present, impossible to say whether the phosphopyruvic acid 
which is probably formed is oxidized directly or first dephosphorylated. 

The above reactions involved in the degradation of glucose may be sum- 
marized in sequence as follows: 


(1) — glucose-6-phosphate 

(2) Glucose-6-phosphate ¢ acid 

(3) 6-Phosphogluconic acid — (?) — pyruvic acid + 3-phosphoglyceraldehyde 
40; 


(4, a) 3: Phosphoglyceraldehyde — triose (glyceraldehyde?) 


(4,6)  3-Phosphoglyceraldehyde methylglyoxal 


(5) 6 
O; 
(6) 2 pyruvic acid 2 200, + 4(CH,O)(cell material) 


The authors wish to thank Dr. P. K. Stumpf, Dr. H. A. Barker, Dr. H. 
O. L. Fischer, and Mr. E. Putman for their generous advice and for some 
of the chemicals used in the experiments. 


C AAA 
(intact cells) 
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1. In studies with intact cells and crude enzyme preparations of Pseudo- 
monas saccharophila, it has been shown that glucose and gluconic acid can 
be utilized in such a way as to yield 2 pyruvic acid molecules, the carboxy] 
group of one of which is derived from C, of glucose. 

2. The utilization of glucose appears to involve its phosphorylation to 
glucose-6-phosphate, the oxidation of this compound to 6-phosphogluconic 
acid, and the subsequent cleavage to yield pyruvic acid from the first 3 
carbon atoms and glyceraldehyde phosphate from the last 3. 

3. Glyceraldehyde phosphate can then be converted to pyruvic acid by 
intact cells poisoned with dinitrophenol or arsenite, to free triose by en- 
zyme preparations, or to methylglyoxal by intact cells poisoned with iodo- 
acetate. 

4. The previous observations on the oxidative assimilation with glucose 
and the appearance of the C, of glucose as respiratory CO, are in complete 
agreement with the proposed scheme of glucose degradation. 
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SUMMARY 


THE METABOLISM OF METHYLATED AMINOAZO DYES 


I. THE DEMETHYLATION OF 3’-METHYL-4-DIMETHYL-C*-AMINO- 
AZOBENZENE IN VIVO* 


By E. C. MILLER, A. M. PLESCIA, J. A. MILLER, anno 
CHARLES HEIDELBERGER 
(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, November 26, 1951) 


It has been established that at least one N-methyl group is required 
for the hepatocarcinogenicity of aminoazo dyes related to 4-dimethyl- 
aminoazobenzene (DAB) in the rat (1-5). These dyes are also known to 
undergo demethylation and remethylation in vivo (1, 2, 6). Studies with 
fortified rat liver homogenates have shown further that certain of these 
dyes can be oxidatively demethylated to form stoichiometric amounts of 
formaldehyde and demethylated dye (7). The production of radioform- 
aldehyde and radioformate from 4-dimethyl-C-aminoazobenzene by rat 
liver slices has also been reported (8). It is of interest that Boissonnas 
et al. (9) were unable to find C in the choline isolated from a rat fed this 
labeled dye since the incorporation in vivo of formaldehyde and formate 
into the N-methyl groups of choline and also the 8-carbon of serine has 
been demonstrated (10-17). 

Since our preliminary results (18) with the strong carcinogen 3’-methyl- 
4-dimethylaminoazobenzene (3’-Me-DAB) labeled in the N-methyl groups 
with C™ differed from those reported for DAB by Boissonnas et al., we 
have extended the study of this dye in vivo. The expiration of C“O, and 
the incorporation of C into the choline and protein-bound serine of the 
liver have been determined in rats fed dye and deficient in or supple- 
mented with folie acid, vitamin Bu, or riboflavin. 

Methods 

Synthesis of 3’-Methyl-4-dimethyl-C“-aminoazobenzene (Carried Out by 
Dr. Donald A. Roth)—For the synthesis of dimethyl-C"-aniline, 0.001 m 
of methyl iodide containing 1 mc. of radioactivity was distilled in vacuo 
into a solution of 0.003 m of monomethylaniline in ethyl ether. The mix- 
ture was allowed to stand at room temperature for 17 hours and then 
heated to 60° for 10 minutes. The tertiary amine was isolated via the 
Hinsberg reaction and coupled with excess (0.007 m) m-tolyl diazonium 

* This work was supported in part by grants from the National Cancer Institute, 


United States Public Health Service, the American Cancer Society, upon recom- 
mendation from the National Research Council, and the Office of Naval Research. 
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chloride (2). The resulting 3’-methyl-4-dimethyl-C"-aminoazobenzene 

’-Me-DAB-C") was chromatographed twice on alumina (19). The 
over-all yield was 38 per cent when based on the methyl iodide. The 
specific activity, as determined by oxidation according to Van Slyke and 
Folch (20) and isolation of the carbon as barium carbonate, was 4.7 x 
10° c.p.m. per mg. of dye or 5.6 X 10° c.p.m. per mu of methyl groups. 

Care of Animals—Male rats' and feeding ad libitum were used through- 
out. The preliminary studies were carried out on 180 to 220 gm. rats 
which had been fed for 1 to 2 weeks the semipurified diet used routinely 
in this laboratory for the induction of liver tumors with the azo dyes. It 
consists of crude casein 120 gm., rice-bran extract (vitab?) 20 gm., salt 
mixture 40 gm., corn oil 50 gm., glucose monohydrate 770 gm., halibut 
liver oil 310 mg., and sufficient riboflavin to make the total in the diet 
1.5 mg. per kilo. For the folic acid deficiency weanling rats were fed for 
3 to 5 weeks a diet composed of casein (vitamin-low*) 220 gm., glucose 
monohydrate 659 gm., salt mixture“ 40 gm., corn oil 50 gm., sulfasuxidine 
20 gm., choline 4 gm., inositol 2 gm., halibut liver oil 310 mg., biotin 0.3 
mg., thiamine chloride 6 mg., riboflavin 5 mg., nicotinic acid 40 mg., pyri- 
doxine hydrochloride 6 mg., calcium pantothenate 60 mg., p-aminobenzoic 
acid 100 mg., 2-methyl-1 ,4-naphthoquinone 20 mg., a-tocopherol 300 mg., 
and vitamin Bi 2 . The rats on a diet with folic acid supplementation 
were fed the same diet plus 2 mg. of folic acid per kilo. The riboflavin 
deficiency was induced by feeding weanling rats for 4 weeks a diet similar 
to that described above, except that the sulfasuxidine and riboflavin were 
omitted and 2 mg. of folic acid per kilo were added. The diet for the 
control rats was supplemented with 10 mg. of riboflavin per kilo. For 
the vitamin Bu deficiency weanling rats from either Dr. D. V. Frost of the 
Abbott Research Laboratory’ or the Rockland Farms“ (Sherman strain) 
were fed the diet described by Frost, Fricke, and Spruth (21) for 11 to 13 
days. They were then paired by weight, and one rat from each pair was 
continued on the same diet while the other received this diet supplemented 
with 50 y of vitamin Bu per kilo for 10 days. 

The radioactive dye, in some cases diluted with non-radioactive 3’-Me- 
DAB, was administered in corn oil solution either by stomach tube or by 

1 Holtzman-Rolfsmeyer Company, Madison, Wisconsin. 

National Oil Products Company, Harrison, New Jersey. 

General Biochemicals, Inc., Chagrin Falls, Ohio. 

Phillips, P. H., and Hart, E. B., J. Biol. Chem., 100, 657 (1935). 

We wish to thank Dr. D. V. Frost for his generous cooperation in helping us 
obtain vitamin B,:-deficient rats. When the diet of Frost et al. (21) was used, a 
vitamin Bi deficiency could be induced in rats from the Abbott Laboratories or in 


rats of the Sherman strain but not in rats from the Holtzman-Rolfsmeyer Company. 
* New City, New York. 
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intraperitoneal injection. Studies on the deficient animals and their con- 
trols were always carried out simultaneously, and the doses were adminis- 
tered on the basis of body weight. In most cases the rats were immedi- 
ately transferred to glass metabolism cages similar to those described by 
Skipper et al. (22) for the collection of respiratory CO,, urine, and feces. 
The vitamin B,;-deficient rats and their controls were maintained in a 
hood. 

Isolation and Counting Procedures—The rats were killed with ether at 
the times indicated. In the preliminary experiments the liver, gastro- 
intestinal contents, and remaining tissue (carcass) were each analyzed 
for total radioactivity, and choline was isolated from the liver or liver 
plus carcass. In the studies comparing the various deficient animals and 
their controls, the livers were perfused in situ with ice-cold 0.9 per cent 
NaCl solution, rinsed with acetone (if the dye was administered by intra- 
peritoneal injection), weighed, minced in ethanol in a Waring blendor, 
and extracted four times with hot ethanol. Choline was isolated from the 
combined extracts as the reineckate and then converted to the chloro- 
platinate (23), and each choline chloroplatinate sample was recrystallized 
twice from 67 per cent ethanol. This procedure appeared adequate since 
a sample of choline chloroplatinate which was recrystallized six times from 


67 per cent ethanol and twice from 67 per cent n-propanol had specific 


activities of 1490, 1480, 1430, and 1480 c.p.m. per mg. after the second, 
fourth, sixth, and eighth recrystallizations, respectively. The specific ac- 
tivity of a twice recrystallised sample decreased only 7 per cent when an 
aqueous solution of the salt was adjusted successively to pH 1, 7, and 10 
and extracted twice with 2 volumes of ethyl ether at each pH. In most 
cases the choline chloroplatinate samples were degraded with alkaline per- 
manganate (24), and the resulting trimethylamine samples were isolated 
as the chloroplatinates. 

The residue from the hot ethanol extraction was extracted three times 
with 1 m sodium acetate buffer, pH 5, at room temperature and then with 
hot ethanol in a Soxhlet apparatus for 48 hours. After the crude protein 
was dried in vacuo, 300 mg. of protein and 225 mg. of pL-serine were hy- 
drolyzed with 11 ml. of 6 Nn HCl at 115° for 18 hours. The hydrolysate 
was clarified with Norit, and the HCl was removed first by repeated dis- 
tillations and finally with silver carbonate. The resulting amino acid 
mixture was dissolved in 5 ml. of water and a crude serine preparation 
was precipitated in the cold after the addition of 25 ml. of ethanol. After 
two recrystallizations from 67 per cent ethanol, each serine sample mi- 
grated as a single spot on a two-dimensional paper chromatogram; 80 
per cent phenol and butanol-propionic acid-water (25) were used as the 
solvent systems. The specific activities of the serine samples were not 
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altered by further recrystallizations from ethanol. Each sample was de- 
graded with periodic acid (26), and the formaldehyde liberated from the 
8 position was isolated as the dimedon derivative. Routinely, the dim- 
edon derivative was precipitated from the diluted reaction mixture. How- 
ever, in a few cases the formaldehyde was distilled from the reaction mix- 
ture prior to preparation of the derivative; the specific activities of the 
dimedon derivatives were unaltered by this procedure. 

In two preliminary experiments creatinine was isolated from the urine 
as the potassium creatinine picrate and the latter salt was recrystallized 
from picric acid solution (27). Glycogen was isolated (28) from the livers 
of two rats fasted for 48 hours and then given first a 1 mg. dose of the 
radioactive dye and 20 minutes later 1.2 gm. of glucose. The rats were 
killed 4 hours later. 

For radioactivity determinations the tissues, excreta, creatinine potas- 
sium picrate, and glycogen were oxidized by using the Van Slyke-Folch 
reagent, and the resulting C“O, was counted as BaC™“O;. The respired 
CO, was also counted as BaC iO,, and in both cases the observed counts 
were corrected for self-absorption and background and expressed as counts 
per minute on a standard counting instrument. 10 to 20 mg. of protein, 
serine, or the dimedon derivative of formaldehyde were plated directly, 
and the counts obtained were corrected for self-absorption with the data 


compiled for the self-absorption of organic compounds (20). The choline - 


and trimethylamine chloroplatinates were counted following impregna- 
tion of 0.05 ml. of an aqueous solution containing about I mg. on a filter 
paper disk (Whatman No. 1) 7.3 sq. cm. in area. The observed counts 
were converted to those which would have been obtained had the com- 
bustion occurred and the samples been counted as BaCQO;. An empirical 
conversion factor of 0.67 was obtained by counting eleven different sam- 
ples both directly as the chloroplatinate and as BaCO, following combus- 
tion in a furnace at 750° or oxidation by the Van Slyke-Folch reagent. 
Unless the activities were very low, all the samples were counted to an 


accuracy of +3 per cent. 
Results 


Distribution of C from 3’-Me-DAB-C™ after Its Administration to Vor- 
mal Rats—Following the administration of 3’-Me-DAB-C", the dye is 
rapidly metabolized and much of the C™ is expired as C“O,. Thus, in a 
typical experiment in which 1 mg. of the radioactive dye was administered 
by stomach tube to a 200 gm. rat fed the semipurified diet, 50 per cent of 
the C" was expired by the end of 10 hours and 60 per cent after 70 hours 
(Fig. 1). After 70 hours 16 per cent of the Ci, had been excreted in the 
urine and 5 per cent had been excreted in the feces. 2 per cent of the 


cre = 2 


t 
b 
a 
3 
a 


7 & P 


oT 7 


oon 


* 7 PSF * 7 


MILLER, PLESCIA, MILLER, AND HEIDELBERGER 867 


radioactivity from the dose remained in the liver and 8 per cent was found 
in the remaining carcass. The same general distribution was found when 
a rat was fed 0.06 per cent of the non-radioactive dye in the same diet for 
1 week prior to receiving 1 mg. of the radioactive dye by stomach tube 
or when 3 or 6 mg. of dye rather than the 1 mg. dose were administered. 

To see whether CM from the methyl groups was incorporated into meth- 
yl-containing compounds, choline was isolated from the combined tissues of 
each of three rats and from the liver and the remaining tissues of a fourth 
rat. Although the total amounts of dye administered and the length of 
the experiments varied considerably, in each case the amount of C™ in 
the body choline accounted for 1 to 1.5 per cent of the administered Ci“ 
and for 10 to 15 per cent of the radioactivity in the tissues (Table I). For 


— 


per cent of dose 


Fic. 1. Rate of expiration of Ci, following administration of 1 mg. of 3’-Me- 
DAB-C" by stomach tube to a 200 gm. male rat fed the semipurified diet. 


these calculations it was assumed that the choline contents of the com- 
bined rat tissues and of rat liver were 0.1 and 0.3 per cent respectively (29). 
Upon degradation of the choline isolated from Rats 2 and 3 (Table I) 
and of other choline samples (see below), 55 to 80 per cent (average, 70 
per cent) of the activity was found in the trimethylamine portion. Creat- 
inine samples isolated from the urine excreted by Rat 2 during the Ist to 
9th days and the 11th to 14th days had specific activities of 570 and 760 
e. pm. per mg., respectively; this accounted for only 1 per cent of the 
radioactivity in the urine. 
In a study of the mechanism by which Ci from the methyl groups of 
’-Me-DAB-C™ was transferred to the methyl groups of choline, serine 
was isolated from the combined tissue proteins of Rat 2 and from the 
liver proteins of Rat 4 (Table I). Radioactivity analyses showed that 
about 1 per cent of the administered Ci“ was incorporated into the pro- 
tein-bound serine of Rat 2 (assuming that the proteins contained 4 per 
cent of serine (31)), and in each case all of the activity was contained in 
the g- carbon. Glycogen samples isolated from the livers of two rats given 
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1 mg. each of the radioactive dye had specific activities of 150 and 360 
c. p. m. per mg. and accounted for 0.5 and 1.9 per cent of the activity ad- 
ministered ; these samples were not degraded. 

Metabolism of 3’-Me-DAB-C" by Folic Acid-Deficient Rats—Following 
the administration of 3’-Me-DAB-C", folic acid-deficient rats expired a 


I 
Ci Content of Choline and Serine Isolated from Rat Tissues Following Administration 
of 3’-Me-DAB-C™ to Rats Fed Semipurified Diet 
Specific activity (s.a.), counts per minute per mg. of compound. 


Ratt | Rat2 | Rat3 | 
Total dose“ 
1 mg., 0.47 84 mg., 3.9 112 mg., 1 80 mg., 3.8 
Experimental period 
3 days | 14 days | 14 days 
Rat 
432 3300 1200 5200 | 3000 
oe % activity in methyl groups. 55 77 
1 % total dose accounted for. . 1.6 0.9 1.5 0.3 1.3 
Protein, 73 350 77 
„ 350 2360 
* % activity of serine in g-car- 
Protein, % total dose accounted for 
1.1 0.3 


* The entire dose for Rat 1 was administered at the beginning of the 3 day period. 
The dye for Rats 2, 3, and 4 was divided into 28, 56, and 28, equal doses respectively, 
which were administered twice daily. In all cases the dye was given by stomach 
tube. 


smaller percentage of the Ci“ as CO, and incorporated less CM into the 
liver choline and serine than did their controls supplemented with folic 
acid (Table II). Thus, when a single dose of dye was given by intra- 
peritoneal injection, the deficient animals incorporated in 5 hours only 14 
per cent as much C into their liver choline and only 3 per cent as much 
into the serine of their liver protein as the supplemented animals. Simi- 
lar, but less striking differences were noted when the dye was administered 
twice daily by stomach tube over a 7 day period. Regardless of the state 
of folic acid nutrition, essentially all of the activity in the serine was con- 
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tained in the 8-carbon and about 70 per cent of the activity in the choline 
was contained in the N-methyl groups. 


II 

Distribution of C Following Administration of 3’-Me-DAB-C™ to Rats Deficient in 
or Supplemented with Folic Acid or Vitamin Bu 

Specific activity (s.a.), counts per minute per mg. of compound. 


| Folic acid Vitamin Bis 
| Series 1° Series 2° Series 1t Series 2t 
Controt | Det \controt! Deficient | Deficient | Deficient 
Weight of rat, gm.......... 245 182 166 91, 93 147 79, 83 153 75, 81 
White blood cells (per c.mm. | 
Z 23,000, 5300 17,000 7200, 3400 
Dose (e. p. m. per gm. liver) 
n 1.25 1.09 1.28 1.29 1.07 1.04 1 x 0.86 
Expired Ci % dose in 
Z 14 9 2 12 
Liver protein 
S. a — „ 152 35 100 58 1 90 1 104 
„ serine . 2100 60 820 170 1 900 1 1300 
% activity in serine in np 
| o t | 98 106 110 102 95 
% activity of protein due | | | 
to serine 55 6 11 39 53 51 
Liver choline 
D 1500 210 890 320 1 620 350 
% activity in methyl | a 
. § § | 69 | 77 57 65 72 


* Series 1, killed 5 hours after a single intraperitoneal injection of 1.44 mg. of 
dye (s. a., 4.7 X 10% c.p.m. per mg.) per 100 gm., body weight. Series 2, 1.5 mg. of 
dye (s.a., 486,000 c.p.m. per mg.) were administered per 100 gm., body weight, twice 
daily by stomach tube for 7 days. The rats were killed 15 hours after the last dose. 
The livers from the two deficient rats were pooled for the isolations. 

t Series 1 and 2, killed 5 hours after a single intraperitoneal injection of 1.72 mg. 
of dye (s.a. 4.7 X 10% c.p.m. per mg.) per 100 gm., body weight. The livers from the 
two deficient rats were pooled for the isolations. 

Most of the CWM appeared to be in the g- carbon, but the activity of the plate was 
too low for accurate counting. 


§ Not degraded. 


Metabolism of 3’-Me-DAB-C™“ by Vitamin Bu- Deſicient Rats—While 
Vitamin B,:-deficient rats incorporated the CM from the labeled dye into 
choline and serine less efficiently than rats supplemented with this vitamin, 
the differences were much less striking than those obtained between folic 
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acid-deficient and supplemented animals. Thus, 5 hours after the ad- 
ministration of the dye by intraperitoneal injection the liver serine and 
choline from the vitamin Bu- deficient rats had less than half and 60 to 
80 per cent, respectively, as much activity as the same compounds from 
rats receiving adequate amounts of this vitamin (Table II). The state of 
vitamin Bu nutrition had no effect on the distribution of the C™ within 
these compounds. 

Metabolism of 3'-Me-DAB-C™ by Riboflavin-Deficient Rats—In contrast 
to the results obtained with the other vitamin deficiencies, a deficiency of 
riboflavin appeared to stimulate the oxidation of the N-methyl group. 
Thus, the rate of CO, expiration was always greater in the case of the 
deficient animals. In three different experiments in which the dye was 
administered by stomach tube, the percentages of the dose expired as 
CO, after 5 hours were 11 and 23, 18 and 34, and 22 and 28 for the con- 
trol and deficient animals, respectively. The percentages of the CU ex- 
pired as C“O, by 48 hours for the control and deficient rats of the first 
two experiments were 54 and 62 per cent and 56 and 76 per cent, respec- 
tively. The rats from the third experiment were killed at 5 hours and 
choline and protein were isolated from the livers. The choline samples 
from the control and deficient rats had specific activities of 830 and 540 
c. p. m. per mg., while the protein samples had specific activities of 140 and 
170 c.p.m. per mg., respectively. In a fourth experiment the dye was 
administered by intraperitoneal injection; 7 and 13 per cent of the radio- 
activity was expired in 5 hours by the control and deficient rats, re- 
spectively. 
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DISCUSSION 


The foregoing data show that a small but significant portion of the C. 
fed to rats as 3’-methyl-4-dimethyl-C“-aminoazobenzene appears in the 
B-carbon of serine in the body proteins and in the methyl groups of the 
body choline. While the localization of the remainder has not been deter- 
mined, the multiplicity of the known metabolic pathways of carbon di- 
oxide, formate, and formaldehyde would suggest that the Ci“ is distributed 
among a wide variety of compounds. The specific incorporation of car- 
bon into the 8 position of serine also occurs following the administration 
in vivo or in vitro of C-labeled formate or formaldehyde (10-13), and these 
l-carbon compounds likewise act as precursors of labile methyl groups 
(13-17). Thus, the mechanism by which the Ci from the N-methyl 
groups of the dye reaches the choline methyls and the §-carbon of serine 
may involve the oxidation of the methyl groups to N-hydroxymethyl or 
N-formyl groups and the subsequent release of either formaldehyde or 
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formic acid. The finding of stoichiometric amounts of formaldehyde and 
primary aminoazo dye following the incubation of a related dye, 3-methyl- 
4-monomethylaminoazobenzene, with fortified liver homogenates (7) 
makes the N-hydroxymethyl derivative the more likely intermediate. 
Although most of the dye is oxidatively demethylated and some of the 
C is apparently synthesized into the methyl groups of choline, the pos- 
sibility that some of the dye enters into transmethylation reactions cannot 
be excluded. 

The finding of appreciable radioactivity in the N-methyl] groups of body 
choline and of low levels of activity in urinary creatinine following the 
administration of the radioactive dye does not agree with the results re- 
ported by Boissonnas et al. (9). These investigators fed 4-dimethyl-C"- 
aminoazobenzene to an immature female rat for 10 days and were unable 
to detect radioactivity in either the body choline or urinary creatinine. 
In both investigations the major share of the C was found in the respired 
CO.. The reasons for the divergent results remain obscure. The dif- 
ference in dye structure is not responsible since we have found results 
similar to those reported here for 4-dimethylaminoazobenzene, 4-methyl- 
4-dimethylaminoazobenzene, and 3-methyl-4-monomethylaminoazoben- 
zene labeled with CM in the N-methyl groups.“ Furthermore, incorpora- 
tion was obtained under a variety of dietary conditions. The level of 
casein in the diets varied from 12 to 22 per cent, so that the methionine 
level (31) varied from about 0.35 to 0.65 per cent. The semipurified diet 
contained only about 0.02 per cent of choline, while the diet used for the 
vitamin Bu experiment contained 0.1 per cent and that for the folic and 
riboflavin experiments contained 0.4 per cent. Severe deficiencies of folic 
acid or vitamin Biz decreased the extent of incorporation of the C in the 
liver choline, but in all cases a significant amount of incorporation was 
obtained. All of the rats used here were young adult albino males, but 
in subsequent studies immature and adult female rats have given similar 
results with DAB.’ 

A deficiency of folic acid markedly lowered the efficiency of incorpora- 
tion of the C from the dye into the body serine and choline. However, it 
is impossible to decide at present whether the deficiency actually affected 
the metabolism of the labeled dye or only the metabolism of oxidized 
products derived from it, since the incorporation of formate into serine 
or labile methyl groups appears to be dependent upon an adequate supply 
of folic acid (12, 16, 32). Similarly, it is difficult to decide whether the 
small effects of the vitamin Bu and riboflavin deficiencies were on the 
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metabolism of the dye itself or upon the I- carbon compounds derived 
from it. Vitamin Bu has also been implicated in the conversion of for- 
mate to the methyl groups of choline (32). It is of interest, however, that 
under the conditions of these experiments a folic acid deficiency affected 
the incorporation of the C into serine more than it altered the incorpora- 
tion into choline. On the other hand, a vitamin Bis deficiency reduced 
the incorporation of the labeled atom into choline more than it affected 
its incorporation into serine. 

That vitamin Bi might play some rdéle in carcinogenesis by the azo 
dyes has been suggested by Day et al. (33). They found that female rats 
deficient in vitamin Bu and fed DAB developed fewer tumors than rats 
fed the same diet plus vitamin Bu. While the number of rats used by 
these investigators was relatively small, the experiment has recently been 
confirmed in this laboratory with larger groups of animals.“ In a similar 
study with folic acid-deficient rats we were unable to keep significant num- 
bers of the chronically deficient rats alive long enough to develop tumors. 
However, among the survivors the deficiency did not appear to affect 


tumor development greatly.’ 
SUMMARY 


1. Following the administration of the hepatocarcinogen 3’-methyl-4- 
dimethylaminoazobenzene labeled in the N-methyl groups with C" to 
rats by stomach tube or intraperitoneal injection, 60 to 70 per cent of the 
C was expired as CO, within 20 to 30 hours. 15 to 25 per cent of the 
Cu was excreted in the urine and feces. About 2 per cent was found in 
the tissues in protein-bound serine (exclusively in the B- carbon) and 


Two groups of twenty-six weanling female rats (Holtzman-Rolfsmeyer Company) 
were fed the basal diet of Day et al. (33) with or without the addition of 50 v of vitamin 
Bis per kilo. When the tumor incidence is based on the number of rats which sur- 
vived for at least 5 months, only six of sixteen (37 per cent) of the deficient rats had 
tumors at the end of 6 months while fourteen of eighteen (78 per cent) animals on 
supplemented diets had liver tumors at the same time. The average body weights 
of the rats were 40 gm. at the start of the experiment and 76 and 86 gm. for the rats 
with deficient and supplemented diets at 6 months. 

* Twenty-one and fifteen weanling male rats, respectively, were fed the folic 
acid-deficient and supplemented diets, described under Methods,“ for 6 weeks. 
At this time the deficient animals had white blood cell counts of 3000 to 8000 cells 
per c.mm. and the controls had counts of 13,000 to 25,000 cells per c.mm. The ani- 
mals were then continued on the same diets, but each rat was given, by stomach 
tube, 3 mg. of 3’-Me-DAB in corn oil per 100 gm., body weight, daily for 90 days. 
After being maintained on the same diets without dye for an additional 60 days, the 
animals were killed. Eight of the ten surviving control animals and three of the 
six surviving deficient rats had liver tumors. 
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choline. About 70 per cent of the C in the choline was contained in the 
N-methyl groups. 

2. Folic acid-deficient rats expired less CO, than normal rats and in- 
corporated much less C into the liver serine and choline. Vitamin Bu- 
deficient rats also incorporated less of the C into the liver choline 
than normal rats. Riboflavin-deficient rats expired Ci, at a somewhat 
greater rate than rats receiving adequate supplies of this vitamin. 

3. These data together with the results of metabolism studies in vitro 
indicate that in the rat N-methyl aminoazo dyes are subject to an oxida- 
tive demethylation in which the N-hydroxymethy] derivative is a possible 
intermediate. 
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QUANTITATIVE STUDIES ON URINARY THIOSULFATE 
EXCRETION BY HEALTHY HUMAN SUBJECTS* 
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Since Schmiedeberg (1) first reported the finding of thiosulfate in cat 
and dog urine, its presence in normal human urine has been the subject of 
considerable controversy (2, 3). Many of the earlier reports (4, 5) leave 
the impression that its occurrence was irregular or that it was present in 
amounts below the sensitivity of the methods in use at that time. More- 
over, it has been known since 1861 that thiosulfate was partly oxidized to 
sulfate when fed to normal men and that the degree of oxidation varied 
inversely with the amount administered (6). This was confirmed by Lasch 
(5) and Nyiri (7), but Fromageot recently reported that, in a limited 
number of subjects, small amounts of thiosulfate are normally present in 
human urine (8). 

All of the quantitative procedures that have been suggested for thiosul- 
fate determination involve complex reactions carried out directly in the 
urine (3, 9-11). None of these workers succeeded in separating thiosul- 
fate from the other reducing substances present. In 1932, Spacu and Spacu 
(12) demonstrated that triethylenediamine nickel(II) was a specific pre- 
cipitant for thiosulfate, and Chamot and Brickenkamp (13) used it in their 
analytical scheme for sulfur anions. 

This reagent was adapted to the quantitative determination of thio- 
sulfate in rabbit urine (14) and applied by Vassel, Partridge, and Crossley 
to dog urine (15). Preliminary reports on the application of this proce- 
dure to the quantitative determination of thiosulfate in human urine (16) 
and the results in a limited number of subjects (17) have been made. This 
report is an extension of this series in normal, healthy adults in order to 
provide a better background for the evaluation of the metabolic origin of 
thiosulfate. 


Methods 


The 24 hour specimens were preserved with chloroform and after col- 
lection were refrigerated until the analyses were completed. No attempt 
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˖õ*˙ ‘ 
* 
\ 
15 
1 
* 
mission. 
* 


876 URINARY THIOSULFATE EXCRETION 


was made to record or control the dietary intake of these subjects, but, in 
order to evaluate the variations in their diet and metabolism, determina- 
tions were made of total urinary nitrogen by the Koch-McMeekin micro- 
Kjeldahl procedure (18) and of total urinary sulfur by adaptation of Denis 
and Reed’s method (19) to the photoelectric colorimeter. 


Reagents— 

Triethylenediamine nickel(II) nitrate. The crystalline compound was 
prepared according to the method of Werner (20) by the addition of ethyl- 
enediamine (Eastman Kodak 95 to 100 per cent) to nickel nitrate hexahy- 
drate (Baker’s c. p. grade).“ The complex salt was recrystallized four 
times from aqueous solutions, air-dried, pulverized, and stored in a desic- 
cator over solid sodium hydroxide. 

Wash solution. A 1:1 mixture of absolute ethanol and water“ contain- 
ing 50 mg. per ml. of triethylenediamine nickel nitrate was prepared and 
kept refrigerated. 

Dilute aminonium hydroxide. 5 ml. of concentrated ammonium hy- 
droxide (c.p.) were diluted to 100 ml. with water. 

Approximately 9 Nn sulfuric acid. A 1:3 dilution of concentrated sul- 
furic acid (c.p.) is used. 

Dilute sulfuric acid. 6.13 gm. of sulfuric acid (c.p.) per liter. 

Potassium iodide solution. 5 gm. of potassium iodide (Baker’s e. p.) 
diluted to 100 ml. with water and prepared fresh whenever required. 

Stock potassium iodate solution. 0.446 gm. of potassium iodate (Baker's 
c. p.; oven-dried and stored in a desiccator) is dissolved in water and made 
to 100 ml. in a volumetric flask. : 

Dilute potassium iodate (working standard). Stock potassium iodate 
is diluted 10-fold with water. 

Standard iodine solution. 5 ml. of the dilute potassium iodate are added 
directly to 10 ml. of 5 per cent potassium iodide and 1.0 ml. of dilute sul- 
furic acid, the flask is swirled, and the volume made up to 1 liter. At 
this concentration, complete iodine liberation is not attained if the iodate 
is added after partial dilution. This solution deteriorates slowly when 
stored in a dark bottle, but its optical density is routinely measured each 
time before use and the new factor determined from the curve for concen- 
tration against optical density prepared from the same batch of stock 
potassium iodate or by serial dilution with blank solution. 

Blank solution. This is a reagent blank containing the same concentra- 
tions of potassium iodide and sulfuric acid as the standard iodine solution 


‘Freshly distilled ethylenediamine is not required, as the principal impurity 
appears to be cobalt from the nickel nitrate. 
2? Wherever water is indicated, fresh, double distilled water was used. 
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but with the iodate omitted. This solution is stable for months if kept 
in a stoppered container in a dark cabinet when not in use and not exposed 
to sunlight. 

Double strength blank solution. 20 ml. of 5 per cent potassium iodide 


and 2 ml. of dilute sulfuric acid are diluted to 1 liter. This must be 


prepared fresh when needed. 

Absolute ethanol. United States Industrial Alcohol (U. S. P.) as pur- 
chased in 1 gallon cans or bottles. Aldehyde-free ethanol prepared ac- 
cording to the method of Palmer (21) may be used. 

Chloroform, c.p. 

Indicator papers. pH papers covering the range from 1.0 to 3.0 and 
5.0 to 8.0 are used. 


Procedure 


Refrigerated specimens are allowed to come to room temperature and, 
when sufficient sample is available, a portion is removed for adjustment 
of pH with ammonium hydroxide to 7.0 to 7.5 by use of indicator papers. 
Alkaline urines are used without further treatment. 

5 ml. aliquots are pipetted into conical Pyrex centrifuge tubes (pH can 
be adjusted here if insufficient material is available for other analyses). 
5 ml. of absolute ethanol are added, the solutions are thoroughly mixed, 
and the tubes are stoppered and refrigerated between 5-10 for a minimum 
of 1 hour. After centrifugation at 2500 to 3000 r.p.m. (5.5 inch radius) 
for 5 minutes, the supernatant solutions are decanted into other conical 
centrifuge tubes correspondingly marked and 100 mg. portions of powdered 
triethylenediamine nickel(II) nitrate are added to each tube. Complete 
solution and mixing are effected with glass rods kept separate for subse- 
quent use in washing and titration. A mauve-colored precipitate usually 
begins to form upon addition of the precipitating reagent to the urine- 
alcohol mixture. Complete precipitation is obtained by placing the corked 
centrifuge tubes in the refrigerator overnight. 

After refrigeration the tubes are centrifuged at high speed for 5 minutes, 
or until the precipitate is firmly packed, and the supernatant fluid is de- 
canted and discarded.* The tubes are inverted over a piece of absorbent 
paper and allowed to drain for 10 minutes. The precipitates are each 
now washed once with 1 ml. of cold wash solution, with stirring rods to 
effect thorough washing, and the tubes refrigerated for 0.5 hour before 


Where low concentrations of sulfate and thiosulfate are encountered, more 
reproducible results are obtained by rubbing the crystals off the wall of the tube 
with a rubber policeman before centrifuging and pouring the supernatant and wash 
solution through a sintered glass funnel which is subsequently washed with the 
solution used to dissolve the precipitate in the tubes. The reason for this precaution 
is the tendency of the small crystals to float or remain suspended. 
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recentrifugation. The wash solution is discarded and the tubes inverted 
to drain free of excess wash solution. 

The complex salt is dissolved in a small measured volume of blank‘ 
solution which can be varied in accordance with the amount of thiosulfate 
expected or found on a trial run, and a drop or two of 9 N sulfuric acid® 
is added from a small diameter dropper to a pH of 1.5 to 2.0 (with indicator 
paper). The mauve and blue colors of the different complexes are dis- 
sipated and the pale green color of the nickelous ion appears. The amount 
of acid required will depend upon the amount of precipitate, but seldom is 
it more than several small drops (0.04 to 0.06 ml.). 

Estimation of the thiosulfate content of the dissolved precipitate is 
carried out immediately by the procedure of Sendroy and Alving (22), 
except that we have used the Beckman model DU spectrophotometer with 
1 cm. silica cuvettes at 355 my. The steps usually followed are as follows: 
5 ml. of standard iodine are diluted with 1 ml. of blank and the optical 
density is measured as R.“ Next, two 1 ml. aliquots of the dissolved pre- 
cipitate are pipetted into separate tubes. To one are added 5 ml. of blank 
solution, the contents are mixed, and the optical density noted; this is 
R.." To the remaining tube are added 5 ml. of standard, and after mixing, 
its optical density, R,, is immediately read. 

‘The precipitate may be dissolved in either blank solution or water. If the 
latter is used, a volume of double blank equal to that of the water must be added. 
This is necessary to maintain the same iodide concentration as is present in the 
standard iodine solution; otherwise the ‘‘effective’’ color varies, as shown by Sendroy 
and Alving (22). We have found greater solution stability at lower iodide concen- 
trations than they recommend, and since we did not require the color augmentation 
they obtained, we sacrificed increased optical density for solution stability. 

5 Due to coprecipitation of triethylenediamine nickel (II) sulfate by ethanol, the 
recovery of thiosulfate is improved but the bulk of the precipitateis larger. Addi- 
tional acid is therefore required to dissolve it and to obtain the pH necessary for 
stoichiometric reaction of iodine and thiosulfate at the concentrations used. When 
phosphoric acid was used as recommended in the original procedure (22), the excess 
acid required caused nickel phosphate precipitation; hence sulfuric acid was substi- 
tuted throughout the procedure. 

* Serious errors may be introduced in measurements of the optical density of 
iodine solutions in the ultraviolet region unless readings are made almost instan- 
taneously. This is true both for the standard iodine solution and the residual iodine 
unchanged by thiosulfate. Decreases in optical density at 355 ma average about 
2 per cent after 20 seconds and 6 per cent after 80 seconds in the light path. Such 
slight errors can be an appreciable proportion of the final result which is obtained by 
difference between the reading of the standard and the unknown. 

Optical density readings made on acidified solutions of the precipitate disclosed 
a significant absorption of light at the wave-length used due either to thiosulfate 
itself or to substances adsorbed on the complex. Therefore all values reported in 
this paper have been corrected by our N reading and no attempt has been made to 
determine the cause. 
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Calculations are the same as for any colorimetric determination with 
suitable corrections for the volume aliquots used. A concentration-optical 
density curve was run for each batch of standard iodine prepared and 
found to be identical within the limits of error of measurement. 

Testing Method—Since triethylenediamine nickel(II) thiosulfate has a 
solubility of 2.5 mg. per cent of thiosulfate sulfur in ethanol-water (1:1) 
at 20° (23), it was necessary to show that thiosulfate is completely pre- 
cipitated under the conditions used in the determination; i. e., at lower 
temperature, in the presence of excess precipitating agent and with the 
coprecipitation of triethylenediamine nickel(II) sulfate. 

The data shown in Table I are typical of the results obtained from four 


Tasie I 
Recovery of Thiosulfate from Aqueous Solutions Containing Sulfate 
Standard solutions of sodium thiosulfate containing 22.5 mg. per cent of sulfate 
sulfur to insure complete thiosulfate precipitation are used. The theoretical con- 
centration of thiosulfate sulfur present was determined by direct iodometric titra- 
tion for comparison with the amount found by the method described herein. Con- 
trol titrations with the sulfate solutions alone gave no iodine-titratable material. 


Thiosulfate sulfur, mg. per cent 
Per cent recovery 
Present Found 
0.44 0.40 91 
0.22 0.20 90 
0.10 0.11 110 


series of recovery experiments carried out in duplicate at eleven different 
concentrations over a range from 1.0 to 0.05 mg. per cent of thiosulfate 
sulfur. The average of all the recoveries was 95 per cent and is indicative 
of complete precipitation from water solutions in the presence of sulfate. 
Similar experiments, without added sulfate, indicate complete recovery 
only at concentrations of 0.5 mg. per cent of thiosulfate sulfur or more. 
This was to be expected from the tendency of the complex thiosulfate salt 
to become supersaturated (23); this appears to be prevented by the simul- 
taneous precipitation of the complex sulfate. Coprecipitation of triethyl- 
enediamine nickel(II) sulfate is therefore essential to make the procedure, 
as described, quantitative down to concentrations of 0.1 to 0.05 mg. per 
cent of thiosulfate sulfur. The exact amount of sulfate necessary for this 
purpose has not been determined, though it has been established that any 
concentration from 5 to 50 mg. per cent of sulfate sulfur suffices for com- 
plete precipitation of thiosulfate and, since the concentrations found in 
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normal human urines are within this range, the problem was not pursued 
further. 

The limiting factor in the procedure as described is the colorimetric 
iodine determination which can be extended by increasing the chromogenic 
equivalence of the iodine, as described by Sendroy and Alving (22), or by 
increasing the volume of urine from which the thiosulfate is precipitated. 

The completeness of recovery of thiosulfate from human urine was proved 
by the addition of radioactive thiosulfate as the triethylenediamine nickel 
salt to urine and a determination of the radioactive thiosulfate made on an 


II 
Recovery of Urinary Thiosulfate Measured with Added Radioactive Thiosulfate 

0.2 ml. of triethylenediamine nickel (II) thiosulfate, labeled with S*® and con- 
taining 4.56 X 10 ¹ᷣ mg. per ml., was added to a 20 ml. aliquot of each specimen after 
adjustment of the pH. 50 yl. of this material gave 860 c.p.m. after background cor- 
rection. Each recovery shown is an average of triplicate determinations on 5 ml. 
aliquots of the specimens carried through the usual procedure. Self-absorption 
corrections were made by comparison counts on similar aliquots of the dissolved 
precipitate from another portion of each specimen to which an equivalent amount 
of radioactive material was added after the triethylenediamine nickel (II) thiosulfate 
was dissolved. All the counts were made with a thin, mica, end window Geiger- 
Miller tube, on the same shelf, spread over the same area, and dried. 


Specimen No. Observed Corrected Per cent recovery 
c. H. c. p. m. 
5 647 825 96 
6 563 809 94 
7 517 890 104 
8 517 745 93 
9 527 825 97 


aliquot of the precipitate. Table II shows that precipitation of thiosul- 
fate is quantitative under the conditions of our procedure. 

Additional tests of the specificity of the procedure were attempted by 
precipitation of the triethylenediamine nickel (II) sulfate complex from 
water solutions containing thirty different compounds (commercially avail- 
able) of biological interest or containing chemical groups that might react | 
similarly. Thiosulfate was not added in these tests so that the values found | 
by iodimetric titrations would represent apparent thiosulfate or adsorbed | 
iodone-titratable material. Both singly and in groups the following com- 
pounds gave negative results in concentrations shown in parentheses (as 
mg. per cent) after each substance: acetoacetic acid (40), Di- alanine (15), 
alloxan (20), arginine hydrochloride (10), ascorbic acid (40), L-asparagine ‘ 
(12), creatinine (40), cysteine hydrochloride (20), Leystine (16), dithiodigly- t 
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col (saturated solution), fumaric acid (20), glutathione (10), glycine (10), 
hippuric acid (25), L-histidine hydrochloride (10), pu-homocystine (12), in- 
dole (10), p-lysine hydrochloride (10), methyldisulfide (saturated solu- 
tion), methylmercaptan (saturated solution), niacin (38), sodium 8-glycero- 


Taste III 
24 Hour Urinary Thiosulfate, Total Sulfur, and Nitrogen Excretion by Healthy Adults 
Sulfur 
Total nitrogen 
No. of samples S0. Total 
Average Range Average Range Average Range 
mg. mg. mg. mg. om. 

8 11.5 14.9-9.6 1085 1200-1000 14.35 17.2-10.8 
8 9.8 16.6-6.2 937 987 900 13.3 16.7- 5.7 
11 10.3 14.8-5.1 858 898- 805 13.5 16.0- 9.6 
9 10.2 13.3-5.7 727 760 700 12.3 14.6- 9.3 
12 7.8 12.3-4.7 641 680- 601 10.9 13.6- 9.2 
8 6.5 ——— 582 509— 560 10.2 14.8 6.7 
7 5.6 7.4-3.2 446 490- 404 9.6 12.0- 7.7 
7 5.3 9.0-2.1 302 393-— 210 8.8 12.9- 6.4 


The correlation of thiosulfate sulfur with total nitrogen and total sulfur, assum- 
ing multiple linear regression, was evaluated by the method of analysis of variance 
(24) and the F value obtained was highly significant. 


Analysis of Variance 
Sum of Mean 
Source DF. squares square 
dete 2 | 3894.86 | 1947.43 
Error of estimate, (1 — R) Zr 67 2024 .38 30.21 
69 5919.24 


F = 1947.43/30.21 = 64.46; P < 0.01. 


phosphate (34), sodium oxalate (20), sodium thiocyanate (300), taurine 
(25), thiamine hydrochloride (25), L-tryptophan (12), L-tyrosine (10), urea 
(120), and uric acid (33). 


Results 


Table III shows the average values for 70 samples from twenty-eight 
subjects grouped in descending order of total sulfur excreted. Above a 
total sulfur excretion of 700 mg. a significantly higher excretion of thio- 
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sulfate is usually observed. Below this value, with four exceptions out 
of thirty-four samples, all the results lie well below the means in the first 
four groups. 
TaBie IV 
Typical Effect of Varied Protein Intake on Thiosulfate Excretion 
24 hour urine collections were made before the start of the diet period and 3 days 


after returning to the usual diet. Diet period collections were started simultane- 
ously with increased or decreased protein intake. 


Sulfur 
Subject Diet Total nitrogen 
S01 Total 
mg. me. om. 
K. D. Normal 5.2 625 13.6 
Decrease 2.7 560 11.3 
* 2.1 270 8.0 
* 2.9 580 7.3 
Normal 5.7 720 13.1 
J. H. * 7.4 987 11.6 
Increase 9.6 1010 13.6 
* 12.3 1200 14.1 
* 14.8 898 16.0 
Normal 8.0 58 12.2 
TaBLe V 
Comparison of Thiosulfate Concentration in Preserved and in Untreated Aliquots of 
Same Specimen 


Freshly excreted, random urine specimens from six individuals were pooled and 
divided into two portions. Chloroform was added to one, which was immediately 
refrigerated. The other stood at room temperature, which varied from 25-35° 
during the period of observation. 


* Thiosulfate sulfur, mg. per cent 
Refrigerated Room temperature 

days 

0 0.328 0.325 

1 0.325 0.308 

2 0.291 

4 0.319 0.262 

5 0.251 

6 0.328 0.236 
21 0.275 


Seven of these subjects were then asked to vary their protein intake. 
Table IV shows typical results obtained in two instances during 3 day 


periods of decreasing and increasing protein intake respectively. Again 
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it is noted that the thiosulfate falls with lowered urinary sulfur and nitro- 
gen and vice versa. The typical lag in nitrogen excretion is noted. A 
sample on the 4th day following return to their customary diet clearly 
indicates the dependence of the thiosulfate excretion on the dietary protein. 

Typical results on the effect of chloroform and refrigeration for preser- 
vation of the specimens are shown in Table V. Additional observations 
have indicated that the preserved specimens retain their original thiosul- 
fate concentration for 7 to 10 days. Thereafter the loss is slow and vari- 
able with some specimens showing one-fourth of their original content as 
long as 31 weeks later. Moreover, pooled, fresh specimens with chloro- 
form added immediately show no difference in 24 to 48 hours from refrig- 
erated portions. This parallels the conditions used herein. The decreased 
content of unpreserved specimens with time and the lack of any increase 
in 24 hours are interpreted as an indication that the thiosulfate found is 
not the result of bacterial action in urine after excretion. 


These data show that thiosulfate is uniformly present in the urine of 
healthy adults but that there is a wide range of variability in the amount 
excreted. These variations generally correlate with the protein metabo- 
lism as reflected in the urinary excretion of nitrogen and sulfur. However, 
no evidence has been obtained to explain why some individuals show lower 
or higher thiosulfate values while excreting comparable levels of total 
sulfur. This may be due to metabolic variations, varied activity of the 
intestinal flora, or varied intake of non-thiosulfate-forming sulfur com- 
pounds. Preliminary studies“ on increased thiosulfate excretion following 
cystine and methionine ingestion support the thesis that the source of the 
urinary thiosulfate is the sulfur amino acid content of the dietary protein. 

Comparison of the range of values found in this series with those in the 
literature shows all the previous results to be in the lower range of our 
data. Three possibilities suggest themselves as explanations: (1) lower 
protein sulfur intake; (2) bacterial oxidation in the samples during or after 
collection; (3) differences in methods. Since no information is given on 
the dietary protein or urinary nitrogen and sulfur by the earlier workers, 
nor on the preservation of the urine, it is not possible to reconcile these 
differences at this time. 

While the number of female subjects is small compared to the males, no 
consistent differences have been observed that cannot be explained by 
the urinary total sulfur and nitrogen variations. Likewise in the age range 
(20 to 43 years) of the subjects, no correlation with age was observed. 

Gast, J. H., and Arai, K., unpublished observations. 
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Quantitative data have been presented which demonstrate the consistent 
presence of 2 to 17 mg. of thiosulfate sulfur in 24 hour urine specimens of 
healthy young adults. Concomitant studies on urinary total nitrogen and 
sulfur indicate that the urinary thiosulfate sulfur probably has its origin 
in the sulfur of the dietary protein and varies with the latter. A method 
for the determination of thiosulfate in urine has been described. 
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— —, osonization, Wells, Elliott, 
Thayer, and Doisy, 321 
Ascorbic acid: Bound, liver, determina- 
tion, Sumerwell and Sealock, 753 
Fibrous tissue collagen, effect, Robert- 
son, 403 
893 


Blood plasma—continued: 

Copper determination, Gubler, Lahey, 
Ashenbrucker, Cartwright, and Win- 
trobe, 209 

Proteins, 9-aminoacridine, interaction, 
Irvin and Irvin, 651 

—, nitrogen storage, relation, Bart- 
lett and Gaebler, 11 

Blood serum: Protein turnover, dia- 
betes, sulfur 35 in study, Forker 
and Chaikoff, 829 

Bone: Phosphatase, alkaline, radium 


effect, Norris and Cohn, 255 

* Butyric acid: §8-Hydroxy-. See Hy- 
droxybutyric acid 
C 


Carbon: Photosynthesis, path, Benson, 
Bass ham, Calvin, Hall, Hirsch, Kawa- 
guchi, Lynch, and Tolbert, 703 

—, ribulose and sedoheptulose rdle, 
Benson, Bassham, Calvin, Hall, 
Hirsch, Kawaguchi, Lynch, and Tol- 

703 


bert, 
Carbon dioxide: Fixation in 6-phospho- 
gluconic acid, Horecker and Smyrnio- 


tis, 135 
Carboxamide:  4-Amino-5-imidazole-. 
See Amino-5-imidazolecarboxamide 


Carboxylase: a-, wheat germ, isolation 
and properties, Singer and Pensky, 

375 

Carnosine: Determination, microbiolog- 

ical, Williams and Krehl, 443 
Formation, liver, Williams and Krehl, 

443 

Cartilage: Chondroitinsulfuric acid sul- 

fate group, enzyme exchange, Bos- 

trém and Mansson, 

Cholesterol: Synthesis, liver, fasting and 
diet, effect, Tomkins and Chaikoff, 

569 

Cholinesterase: Blood plasma, diiso- 
propyl fluorophosphate effect, Jan- 
sen, Jang, and Balls, 247 
Chondroitinsulfuric acid: Sulfate group, 
cartilage, enzyme exchange, Bos- 
trém and Mansson, 483 

— —, metabolism, Bostrém, 477 
Citrate: Tobacco leaf culture, effect, 


Vickery and Hargreaves, 409 


Citric acid: Cycle, acids, anion exchange 
chromatography, Busch, Hurlbert, 
and Potter, 717 

—, —, Azotobacter, acetate relation, 
Stone and Wilson, 221 

Coenzyme: Substrate and, interaction, 
dopa decarboxylase effect, Schott and 
Clark, 449 

Collagen: Fibrous tissue, ascorbic acid 
effect, Robertson, 403 

Compound E: -Related steroids, tissue, 
in vitro, effect, Schneider and Horst- 
mann, 629 

Tissue, in vitro, effect, Schneider and 
Horstmann, 629 

Copper: Blood cells, red, determination, 
Gubler, Lahey, Ashenbrucker, Cart- 
wright, and Wintrobe, 209 

—, determination, Gubler, Lahey, 
Ashenbrucker, Cartwright, and Win- 
trobe, 209 

— plasma, determination, Gubler, 
Lahey, Ashenbrucker, Cartwright, and 
Wintrobe, 209 

Metabolism, Gubler, Lahey, Ashen- 
brucker, Cartwright, and Wintrobe, 


209 
Cothiaminase: Nature, Fujita and Tash- 
iro, 305 


Cytidine: Hydrolysis, enzymatic, Lor- 
ing, Hammell, Levy, and Bortner, 

821 

Cytidylic acid(s): Isomeric, chemistry, 

Loring, Hammell, Levy, and Bortner, 

821 

—, yeast ribonucleic acid, preparation 


and properties, Loring, Bortner, 
Levy, and Hammell, 807 
Cytochemistry: Tissue, Hogeboom, 
Schneider, and Striebich, 111 


Cytochrome: c, helminths, Bueding and 
Charms, 615 
Cytochrome oxidase: Helminths, Bued- 
ing and Charms, 615 
Cytosine: -Thymine, endometrium des- 
oxypentose nucleic acids, Gold and 
Sturgis, 143 


Decarboxylase: Dopa. See Dopa de- 
carboxylase 


894 INDEX 
D 


Dehydrogenase: Glucose. See Glucose 
dehydrogenase 
Desoxypentose nucleic acid(s): Endo- 
metrium, cytosine-thymine, Gold and 
Sturgis, 143 
Desoxyribose phosphate: Enzyme syn- 
thesis and breakdown, Racker, 
347 


Diabetes : Blood serum protein turnover, 
sulfur 35 in study, Forker and 
Chaikoff, 829 

Diet: Liver cholesterol synthesis, effect, 
Tomkins and Chaikof,, 569 

Diisopropyl fiuorophosphate: Blood 
plasma cholinesterase, effect, Jan- 
sen, Jang, and Balls, 247 

Diphosphoglycerate mutase: Optical 
study, Rapoport and Luebering, 


583 

Disodium p-nitrophenyl phosphate: 
Preparation and purity, Bessey and 
Love, 175 
Dopa decarboxylase : Coenzyme and sub- 
strate interaction, effect, Schott and 


Clark, 449 
Dye (s): Aminoazo, methylated, metabo- 
lism, Miller, Plescia, Miller, and 
Heidelberger, 863 
E 

Endometrium : See Uterus 
Enzyme(s): Acetyl coenzyme A, syn- 
thesis, Stadtman, 535 
— transfer, separation, liver, Chou 
and Lipmann, 89 


Co-. See Coenzyme 

Cytidine hydrolysis, Loring, 
Levy, and Bortner, 

Desoxyribose phosphate synthesis an 
breakdown, Racker, 

Exchange, cartilage 
furic acid sulfate group, Bostrdim 
and Mansson, 483 

Histidine conversion to glutamic and 
formic acids, urocanic acid as inter- 
mediate, Tabor, Mehler, Hayaishi, 


and White, 121 
Leuconostoc citrovorum growth factor, 
effect, Hill and Scott, 189 


Liver citrovorum factor, liberation, as- 


Enzyme(s)—continued: 
corbic acid, effect, Hill and Scott, 
195 
Q, amylopectin formation, mechanism, 
Nussenbaum and Hassid, 785 
See also Acetylase, Carboxylase, etc. 
Erythrocyte(s): See Blood cell, red 


Fasting: Lipogenesis, effect, Van Brug- 
gen, Hutchens, Claycomb, Cathey, and 
West, 389 

Liver cholesterol synthesis, effect, 


Tomkins and Chaikoff, 569 

— lipogenesis, C'-acetate effect, 
Lyon, Masri, and Chaikoff, 25 
a Turnover rate, Madden and 
641 

— Diisopropyl. See Di- 


isopropyl! fluorophosphate 
Folic acid: Antagonist, nucleic acid me- 
tabolism, effect, Goldthwait and 
Bendich, $41 
Methanol labile methyl group, syn- 
thesis, effect, Verly, Kinney, and du 
Vigneaud, 19 
Formic acid: Histidine conversion to, 
enzymatic, urocanic acid as inter- 
mediate, Tabor, Mehler, Hayaishi, 


and White, 121 
Fungus: See also Aspergillus 
G 
Gluconate: Yeast, phosphorylation, 
Sable and Guarino, 395 


Gluconic acid: 6-Phospho-. See Phos- 
phogluconic acid 


Pseudomonas saccharophila oxidation, 


Entner and Doudorof,, 853 
Glucosamine: -, acetylation, liver, 
Chou and Soodak, 105 


Glucose: Oxidation, insulin and g-hy- 
droxybutyric acid effect, Drury and 
Wick, 129 

Pseudomonas saccharophila oxidation, 
Entner and Doudorof, 853 

Glucose dehydrogenase: Strecker and 
Korkes, 769 

Glutamic acid: Histidine conversion to, 
enzymatic, urocanic acid as inter- 
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Glutamic acid—continued: 
mediate, Tabor, Mehler, 3 
and White, 

Glyceride glycerol: Biosynthesis, aa. 
anism, Doerschuk 423 

Glyceride. Ses Glyceride gly- 


Biosynthesis, 
Doerschuk 


Growth: Tryptophan and 
mers, effect, Oesterling and Rose, 
33 


Helminth (s): Cytochrome c, cytochrome 
oxidase, and succinoxidase, Bueding 


and Charms, 615 
Histaminase: Tissue, Cotzias and Dole, 
235 

Histamine: Labeled, metabolism, 
469 

Histidine: Determination, Knoop reac- 
tion, use, Hunter, 589 


Formic acids, conversion from, en- 
symatic, urocanic acid as inter- 
mediate, Tabor, Mehler, a 
and White, 

Glutamic acids, conversion from, en- 
zymatic, urocanic acid as inter- 
mediate, Tabor, Mehler, Hayaishi, 
and White, 121 

Hydroxyanthranilic acid: 3-, urine, 
L-tryptophan administration effect, 
Musajo, Spada, and Coppini, 185 

Hydroxybutyric acid: 8-, glucose oxida- 
tion, insulin and, effect, Drury and 
Wick, 129 

Hydroxymethylpolyhydrophenanthryl-1- 
acetic acid: 2-, lactones, prepara- 
tion from 16-keto-17-hydroxyster- 
oids, Huffman, Lott, and Ashmore, 

367 

Hypoxanthine: Liver, formation, Schul- 

man, Sonne, and Buchanan, 499 


Indoleacetic acid: Substituted, auxin- 
like activity, Hoffmann, For, and 
Bullock, 437 

Insulin: Glucose oxidation, 8-hydroxy- 
butyric acid effect, Drury and Wick, 

129 


Iron: Porphyrin, sulfonated, 
etry, Walter, 


Keto-17-hydroxysteroid(s): 16-, 2-hy- 
droxymethylpolyhydrophenanthryl- 
l-acetic acid lactones, preparation 
from, Huffman, Lott, and Ashmore, 

367 

Ketosteroid(s): A*-17-, urine, isolation, 
Lieberman, Hariton, Humphries, 
Rhoads, and Dobriner, 793 


from, exogenous purines by, Balis, 
Levin, Brown, Elion, W 
and Hitchings, 

Leucine: Uptake of 
reticulocyte nucleic acid, relation, 
Holloway and Ripley, 695 

Leuconostoc citrovorum : Growth factor, 
enzymatic release, Hill and Scott, 

189 

—-—, liver, enzyme liberating, as- 
corbic acid effect, Hill and Scott, 

195 

Leucovorin: Methanol labile methyl 
group, synthesis, effect, Verly, Kin- 
ney, and du Vigneaud, 19 

Lipogenesis: Fasting effect, Van Brug- 
gen, Hutchens, Claycomb, Cathey, and 
West, 389 

Liver, fasting, CM. acetate effect, Lyon, 
Masri, and Chaikoff, 25 

Liver: Acetyl transfer enzymes, separa- 

tion, Chou and Lipmann, 89 
4-Amino-5-imidazolecarboxamide me- 
tabolism, Schulman and Buchanan, 
513 

Ascorbic acid, bound, determination, 
Sumerwell and Sealock, 753 
Carnosine formation, Williams and 
Krehl, 443 
Cell nucleus, isolation and biochem- 
istry, Hogeboom, Schneider, and 
Striebich, 111 
Cholesterol synthesis, fasting and diet, 
effect, Tomkins and Chaikoff, 569 
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| H Kidney : Testosterone metabolism, Koch- 
L 
| Lactobacillus casei : Pentose nucleic acid 
| 
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Liver—continued: 
Citrovorum factor, enzyme liberating, 
ascorbic acid effect, Hill and Scott, 


Lyon, Masri, and Chaikof,, 25 
Phosphatides, alcohol-insoluble, poly- 
glycerol phosphatide isolation, Mc- 
Kibbin and Taylor, 427 


Verly, Kinney, and du 
Vigneaud, 19 
Methyl-4-dimethyi-C'‘-aminoazoben- 


Plescia, Miller, and Heidelberger, 


, purification 
Jagannathan and Schweet, 
Mutase: Diphosphoglycerate. See — 


phosphoglycerate mutase 
N 


Nitrogen: Pool, nitrogen storage, rela- 
tion, Bartlett and Gaebler, 1 


Nitrophenyl phosphate: p-. See Diso- 
dium p-nitrophenyl] phosphate 
Nucleic acid: Desoxypentose. See Des- 


Pentose. See Pentose nucleic acid 
Reticulocytes, leucine uptake of radio- 
activity in vitro, relation, ewer 
and Ripley, 
Ribo-. See Ribonucleic acid 
Synthesis and turnover, tissue culture, 
Gerarde, Jones, and Winnick, 69 
Nucleotide(s): Yeast, irradiated, deter- 
mination, chromatographic, Thomas, 
Hershey, Abbate, and Loofbourow, 
575 


0 


Organic acid (86): Tobacco leaves, me- 
tabolism, Vickery and Hargreaves, 


409 
Organic base(s): Thiamine breakdown, 
effect, Fujita, Nose, Kozuka, Tashiro, 


Pectin: Amylo-. See Amylopectin 

Pentose nucleic acid: Purines, exoge- 
nous, incorporation by Lactobacillus 
casei, Balis, Levin, Brown, Elion, 
Vander Wer ff, and Hitchings, 729 

Ribonuclease digestion, 


Alkaline, beryllium — 
hibition, aurintricarboxylie acid 
effect, Lindenbaum, White, and Schu- 
bert, 273 

—, bone and tissues, radium effect, 
Norris and Cohn, 255 
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lation, Bartlett and Gaebler, 11 
195 —, mechanism, Bartlett and Gaebler, 
hy- p-Glucosamine acetylation, Chou and 1, 1 
yl- Soodak, 105 | —, protein synthesis rate, relation, 
ion Hypoxanthine formation, Schulman, Bartlett and Gaebler, 1 
re, Sonne, and Buchanan, 499 
on, 
jes, | oxypentose nucleic acid 
793 Metabolism, folic acid antagonist 
ch- effect, Goldthwait and Bendich, 
243 Propionic acid metabolism, Daus, 841 
Meinke, and Calvin, 77 
Testosterone metabolism, Kochakian, 
cid Gongora, and Parente, 243 
lis, L-Tyrosine oxidation, ascorbic acid 
rf, réle, Sealock, Goodland, Sumerwell, 
729 and Brierly, 761 
ro, 
on. 
— M 
Wis Maltose: Aspergillus oryzae transgluco- 
sidase effect, Pazur and French, 
189 265 
95 thesis, folic acid and leucovorin 
ryl 
in- 
* zene: 37, demethylation, Miller, Ueda, and Sakamoto, 289 
— 863 oxidase 
Muscle: Pyruvic oxidase, Jagannathan Pyruvic. See Pyruvic oxidase 
— and Schweet, 551 Succinic. See Succinoxidase 
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89 nathan, 563 
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Phosphatase—continued: 
Reagent, preparation and purity, 
Bessey and Love, 175 


Phosphate: Desoxyribose. See Desoxy- 
ribose phosphate 
Phosphatide(s): Liver, alcohol-insolu- 
ble, polyglycerol phosphatide iso- 
lation, McKibbin and Taylor, 427 
Polyglycerol. See Polyglycerol phos- 
phatide 
Phosphogluconic acid: 6-, carbon di- 
oxide fixation in, Horecker and 
Smyrniotis, 135 
Phosphorus: Mass 32, yeast ribonucleic 
acid, ribonuclease determination, 


use, Roth and Milstein, 489 
Phosphotransacetylase : Purification and 
properties, Stadtman, 527 


Photosynthesis: Carbon path, Benson, 
Bassham, Calvin, Hall, Hirsch, 
Kawaguchi, Lynch, and Tolbert, 

703 
— , ribulose and sedoheptulose rdéle, 
Benson, Bassham, Calvin, Hall, 


phatides, alcohol-insoluble, isola - 
tion, McKibbin and Taylor, 427 
Porphyrin: Iron, sulfonated, potentiom- 
etry, Walter, 151 
Proto-. See Protoporphyrin 
Uro-. See Uroporphyrin 
Propionic acid: Metabolism, liver, Daus, 
Meinke, and Calvin, 77 
Protein(s): Blood plasma, 9-aminoacri- 
dine, interaction, Irvin and Irvin, 
651 
— , nitrogen storage, relation, Bart- 
lett and Gaebler, 11 
— serum, diabetes, turnover, sulfur 
35 in study, Forker and Chaikoff, 
829 
Interaction, molecule or ion pairs, 
Irvin and Irvin, 651 
Reticulocytes, amino acids, labeled, 
incorporation in vitro, Borsook, 
Deasy, Haagen-Smit, Keighley, and 
Lowy, 669 


Protein(s)—continued: 
Synthesis rate, nitrogen storage, rela- 
tion, Bartlett and Gaebler, 1 
—, tissue culture, Gerarde, Jones, and 
Winnick, 51 
Protoporphyrin: IX, tetrapyrrole pre- 
cursors, Salomon, Richmond, and 
Altman, 463 
aeruginosa: Antibiotics, 
Wells, 331 
—, ozonization, Wells, Elliott, Thayer, 
and Doisy, 321 
Pseudomonas saccharophila: Glucose 
and gluconic acid oxidation, Entner 


and Doudorof,, 

Purine(s): Biosynthesis, Schulman, 
Sonne, and Buchanan, 499 
Schulman and Buchanan, 513 


Exogenous, pentose nucleic acid from, 
Lactobacillus casei réle, Balis, Levin, 
Brown, Elion, VanderWerff, and 
Hitchings, 729 

Pyo: Compounds, sodium hypoiodite, re- 
action, Wells, Hays, Thayer, Doisy, 


Gaby, Carroll, and Jones, 341 
Pyo Ib: Synthesis, Wells, 331 
Pyo Ic: Synthesis, Wells, 331 
Pyo III: Synthesis, Wells, 331 
Pyruvic oxidase: Muscle, Jagannathan 

and Schweet, 551 

Schweet, Katchman, Bock, and Jagan- 

nathan 563 


—, physicochemistry, Schweet, Katch- 
man, Bock, and Jagannathan, 563 
—, purification and properties, Jagan- 
nathan and Schweet, 551 


Radium: Phosphatase, alkaline, bone 
and tissue, effect, Norris and Cohn, 

255 

Reticulocyte(s): Nucleic acid, leucine 
uptake of radioactivity in vitro, re- 
lation, Holloway and Ripley, 695 
Proteins, amino acids, labeled, incor- 
poration in vitro, Borsook, Deasy, 
Haagen-Smit, Keighley, and Lowy, 
669 

Ribonuclease: Roth and Milstein, 489 
Determination, yeast ribonucleic acid, 


222 
| 
| 
| 
) Hirsch, Kawaguchi, Lynch, and Tol- 
bert, 703 
Polyglycerol phosphatide: Liver phos- 8 
| 
| 
| 
| R 
8 


Ribonuclease—continued: 
phosphorus 32-labeled, use, Roth and 
Milstein, 489 


Digestion, peptic, Anfinsen, 201 
Ribonucleic acid: Yeast, isomeric cyti- 
dylic acids, preparation and prop- 
erties, Loring, Bortner, Levy, = 

Hammell, 
—, phosphorus 32-labeled 8 
ase, determination, use, Roth and 
Milstein, 489 
Ribulose: Photosynthesis, carbon path, 
réle, Benson, Bassham, Calvin, Hall; 
Hirsch, Kawaguchi, Lynch, and Tol- 
703 


Sedoheptulose: Photosynthesis, carbon 
path, réle, Benson, Bassham, Calvin, 
Hall, Hirsch, Kawaguchi, Lynch, and 
Tolbert, 703 

Serine: Biosynthesis mechanism, Mi- 
toma and Greenberg, 599 


Sodium hypoiodite : Pyo compounds, re- 


action, Wells, Hays, Thayer, Doisy, 
Gaby, Carroll, and Jones, 341 
Steroid(s) : Compound E- related, tissue, 
in vitro, effect, Schneider and Horst- 


mann, 629 
4°-17-Keto-. See Ketosteroid 
16-Keto-17-hydroxy-. See Keto-17- 

hydroxysteroid 


Metabolism, Lieberman, Hariton, Hum- 
phries, Rhoads, and Dobriner, 
793 
16-Substituted, Huffman, Lott, and 
Ashmore, 367 
Succinoxidase: Helminths, Bueding and 
Charms, 615 
Sugar(s): Radioactive, isolation and 
purification, paper W 
Putman and Hassid, 
Sulfur: Mass 35, blood serum ania 
turnover, diabetes, use in study, 


Forker and Chaikof,, 829 
Sulfuric acid: Chondroitin-. See Chon- 
droitinsulfuric acid 
T 


Testosterone: Metabolism, kidney ho- 


Testosterone—continued: 
mogenates, Kochakian, Gongora, and 
Parente, 243 
Metabolism, liver homogenates, Ko- 
chakian, Gongora, and Parente, 243 
Tetrapyrrole: Precursors, protoporphy- 
rin IX, Salomon, Richmond, and Alt- 
man, 463 
Thiaminase: Fujita, Nose, Kozuka, 
Tashiro, Ueda, and Sakamoto, 289 
Fujita, Nose, Ueda, and Hasegawa, 


297 
Fujita and Tashiro, 305 
Fujita, Nose, Uyeo, and Koizumi, 

313 


Co-. See Cothiaminase 
Thiamine: Base exchange reaction, 
Fujita, Nose, Ueda, and Hasegawa, 
297 
Breakdown, organic bases, effect, 
Fujita, Nose, Kozuka, Tashiro, Ueda, 
and Sakamoto, 289 
Determination, fluorometric, Teeri, 
547 
Synthesis, Fujita, Nose, Uyeo, and 
Koizumi, 313 
Thiosulfate: Urine, Gast, Arai, y~ 
Aldrich, 
Thymine: Cytosine-, endometrium — 
— nucleic acids, Gold and 
143 
ä Determination, micro-, ra- 


diochemical, Larson, Coulson, and 
Albright, 45 
Tissue: Cytochemistry, Hogeboom, 
Schneider, and Striebich, 111 


Tobacco: Leaves, citrate solutions, cul- 
ture effect, Vickery and Hargreaves, 
409 


—, organic acids, metabolism, er 
and Hargreaves, 
Transglucosidase: Aspergillus 
maltose, effect, Pazur and French, 
265 
Tricarboxylic acid: Aurin-. See Aurin- 
tricarboxylic acid 
Tryptophan: Growth, effect, Oesterling 


and Rose, 33 
Isomers, optical, growth, effect, Oester- 
ling and Rose, 33 


L-, urine 3-hydroxyanthranilic acid, 
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Tryptophan—continued: 
effect, Musajo, Spada, and Coppini, 
185 


Tyramine: Determination, Udenfriend 
and Cooper, 227 
Tyrosine: Determination, Udenfriend 
and Cooper, 227 

L-, oxidation, liver, ascorbic acid réle, 
Sealock, Goodland, Sumerwell, and 
Brierly, 761 


Urine: 3-Hydroxyanthranilic acid, 
L-tryptophan administration effect, 
Musajo, Spada, and Coppini, 185 

A°-17-Ketosteroids, isolation, Lieber- 
man, Hariton, Humphries, 9 
and Dobriner, 

Thiosulfate, Gast, Arai, and aia. 

875 

Urocanic acid: Histidine conversion to 
glutamic and formic acids, en- 
zymatic, relation, Tabor, Mehler, 
Hayaishi, and White, 121 


Yeast: Gluconate phosphorylation, 
and Guarino, 
Irradiated, nucleotides, 
tion, chromatographic, Thomas, Her- 
shey, Abbate, and Loofbourow, 3 


acids, preparation and properties, 4 


900 INDEX 
| Uroporphyrin: III, Salomon, Richmond, 
| and Altman, 463 
Uterus: Endometrium desoxypentose 
nucleic acids, cytosine-thymine, 
| Gold and Sturgis, 143 
W 
Wheat: Germ, a-carboxylase isolation 
| and properties, Singer and Pensky, — 
| U 375 
Uric acid: Isotopic, intravenous injec- | Y : 
tion, fate, Buzard, Bishop, and Tal- : 
bott, 179 
576 
Ribonucleic acid, isomeric cytidylie 
| | pring, portner, vy, and Ham: 
| — 
| — —, phosphorus 32-labeled, ribo- 
| | nuclease determination, use, Roth 
| and Milstein, 4 


Han W., Lavy, 
of the isomeric yeast ribo- 


Levy, Lowe W., and Hawar | 
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